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FOREWORD

This Volume 2, Main Technical Report, is accompanied by Volume i, a

brief summary report. The study effort reported is an extension of an earlier

basic program performed under the same National Aeronautics and Space Admini-

stration Contract NAS7-377.

The initial work was reported in Marquardt Report 25,194, dated September

1966 which constitutes a fundamental reference (Reference l) for the present

volume.
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(The Marquardt Corporation)

Marquardt's technical and documentation effort was performed by the following

personnel of its ASTRO Division:

R. S. Chadwick

G, Chrlstensen

P. B. Cox

G. R. Davidson

H. Frank

M. Fraser

P. L. Hall

W. R. Hammill

J. J. Kuhlmeier

J. W. Puorto

L. J. Skubic

R. J. Taylor

E, Tomomat su

A. F. Truitt

P. L. Woodworth

H. MacDonald and E. S. Freeman of Marquardt's Aero Propulsion Department

conducted the structural analysis and fabrication studies for the Class B

Supercharged Ejector R_mJet and ScramLACE Engines.

The contributions of the above individuals are gratefully acknowledged.
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UNCLASSIFIED
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(Lockheed-California Company)

The Lockheed-California Company contribution to the report comprises Section

VI, Vehicle Mission Studies, and appears also in Sections VII and VIII, Results

and Conclusions, respectively.

The Lockheed work was conducted via Marquardt Purchase Order 632952-1 under

National Aeronautics and Space Administration Contract NAS7-377. The Lockheed

section of the program documentation was prepared and approved as follows:

Prepared by: Approved by:

N. B. Williams D- L. Ke_i'_f /

Project Engineer Program Manager //

The efforts of R. E. Morris in the vehicle/engine integration effort,

D. E. Sherwood in system pe.rformance determination, and R. D. Mijares in the

structures and weight estimation effort are gratefully acknowledged.

The Lockheed contribution was separately published in a report to The

Marquardt Corporation in fulfillment of the subcontract. Although this report

has been given strictly limited distribution in view of its assimilation into

the present report (Report 25,220), it is cited below for completeness:

"A Study of Composite Propulsion Systems for Advanced Launch Vehicle

Applications (Extension Phase)", Lockheed Report LR 20535, LAC/613654,

dated 15 February 1967 (submitted as an addendum to Lockheed Report

LR 19611). CONFIDENTIAL - title UNCLASSIFIED.
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(The Natione.l Aeronautics end Space Administration)

Contract NAS7-377 was sponsored by the Liquid Rocket Propulsion Technology

Group of the NASA Office of Advanced Research and Technology (0AZqT).

The Project Manager was Mr. Jack A. Suddreth, NASA-Headquarters.

The Technical Managers were as follows:

Mr. D. D. Thompson

Mr. P. K. Pierpont

Mr. T. J Gregory

Marshall Space Flight Center

Langley Research Center

Mission Analysis Division, OART

(or Ames Research Center)

The Marquardt Corporation, on behalf of the study contractor team, extends

its appreciation to the National Aeronautics and Space Administration for the

opportunity to continue this evaluation of composite rocket/airbreathing pro-

pulsion systems and to the NASA Project Manager and Technical Managers for

their assistance in conducting the extension phase effort.
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I. INTRODUCTION

This report presents the results of an Extension Phase program under Contract

NAS7-377 which comprises a broad, yet reasonably penetrating investigation of

composite rocket/airbreathing propulsion systems as they might be applied to the

problem of advanced launch vehicle propulsion. The basic program, performed in

1965-1966, by a team consisting of The Marquardt Corporation, Lockheed-California

Compan_ and the Rocketdyne Division of North American Aviation, Inc., has been

reported in Marquardt Report No. 25,194, dated September 1966 (Reference 1). The

present report consisting of two volumes, a Summary Report (1) and the Main

Technical Report (2), presents the result of a continuation of effort by The

Marquardt Corporation, again supported by the Lockheed-California Company,

performed in the period June 1966 through January 1967.

Following a brief introduction to the subject of Composite Propulsion Systems

the results achieved in the basic program (reported in Reference l) will be

cursorily summarized. From this point of departure, the extension phase effort

itself will be described somewhat in further detail by way of completing this

introduction.

A. C(24POSITE PROPULSION SYSTH_4S

Composite propulsion systems (as the term is used in this study) are single

integrated powerplants made up of both rocket and airbreathing elements. The

elemental propulsion systems which provide the basic building blocks for synthe-

sizing composite engines are the familiar rocket and airbreathing systems, which

are symbolically illustrated in Figure 1.

ROCKET

FIGURE i.

AIRBREATHER

Elemental Propulsion Systems



If it is desired to incorporate the features of both elements (rocket and

airbreather) in a single vehicle, two approaches are obvious. The elements may

be installed either separately or integrally. The former maybe termed a combina-

tion propulsion s_stem. Thus, to illustrate the contrast, combination propulsion

systems incorporate two or more elemental engine types in a nonintegrated installa-

tion, i.e. with little or no direct physical or process interaction between engine

types within the vehicle's propulsion complement. However, combination systems

were not studied in this effort.

If, however, the elements are physically integrated into a single propulsion

system, having multi-modal operation capabilities, with cycle process inter-

actions between elements, the result is a composite propulsion system, (Figure 2).

MODE A MODE B

FIGURE 2.- Composite Propulsion System

B. PREVIOUS EFFORT UNDER CONTRACT NAS7-377 (Marquardt Report 25,19_)

In the basic study, Composite Propulsion System Powered Advanced Launch

Vehicles were investigated to satisfy the following specific objectives:

1. To systematically appraise the significance of composite rocket/

airbreathing engines to potential advanced launch vehicle missions

in the period post 1975.

2. To determine the technology ramifications of composite engines

with particular emphasis on delineating critical or pacing

technology requirements.

3. To systematically and comprehensively document technical data which

would be useful for further studies involving composite engines,

with emphasis on vehicle/misslon applications.

-2-



The first two objectives above formed the nucleus of the program's original

problem statement. They stemmed directly from the attractive, at that time

unconfirmed, potential of composite engines, which are intermediate in their

chars_teristics with respect to pure rocket propulsion and conventional turbo-

machine centered airbreathing systems as suggested in the introductory description

above. The third objective, in contrast, represented an intrinsic output of

the study program, that is propulsion system information (viz. Reference l)

arranged for effective use by the aerospace technical community in subsequent

studies involving composite propulsion.

The study was performed in conformance to a specific set of technical guide-

lines designed to be representative of the advanced launch vehicle area being

addressed. These guidelines were as follows:

1. Engine/vehicle integrated performance basis and technology

assessment output

2. Two stage and single stage vehicle payload delivery to a

reference 262 nautical mile circular orbi£, both horizontal

and vertical ta/_eoff configuration

3. Hydrogen-oxygen propellant combination, hydrogen fuel for

airbreathing modes

_. 9Aiil mission profile consideration: Lift-off to landing with

three g restraint (passenger consideration)

5. 1.O million pound vehicle gross weight

6. Reusable vehicles with passenger and light cargo payload

capability

7. 1975-1985 engine first availability

8. Evaluation of system centered on a payload performance basis

The program structure and the basic methodology applied in the performance

of the study is reflected in Figure 3. This figure indicates that the program

was performed in three associated phases conducted serially after an initial

preparatory effort. These progressive phases (labeled Classes O, 1 and P)

investigated a decreasing number of the large family of composite concepts

Identified_ generally the more attractive ones, with a successively _leeper

5
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"A STUDY OF 'COMPOSITE PROPULSION SYSTEMS FOR

ADVANCED LAUNCH VEHICLE APPLICATION"

PRELIMINARY EFFORT

• DEFINE COMPARISON ROCKET
• PREPARE ANALYTICAL TOOLS

• iDENTiFY AND ORDER
CANDIDATE SYSTEMS

TECHNICAL O

PENETRATION

CLASS 0

• Schematic Basis, Nominal Thrust, 250 k-lbf
• Performance on Reference Trajectories (3) only
• Key Parwneters (e.g., mass flow ratioe weights) apolled

via High/Low "Bracketing"
• Simplified Vehicle/Mission Model, Ideal inlet
• Analysis via "Calibrated" Path Follower PYogram
• Baseline Model Ranking, with Pefturhation Testing

CLASS 1
• Co_¢elXual Desicpl Basis, Apl)roaches Mechanized
• Performance presented Parametrically (MaI_.)

• Thrust/Weight trends estimated over oNef of mac_itude
range (SO - SOD k-lbf_

• Extensive Vehicle integration and Mission Analysis
• Realistic Inlet Performance

a Vehicle Aerodynamic and Weight Analysis

CLASS 2

• Detailed Conceptual Desi9 n Basis e Point Design for Vehicle
• Performance Ma;_s Refined, included Updated I,put Data and

Subsystem Drive Penalties
• Engine Perfon'nance Sensitivity to Comaoncnt Efficlencies

and O_ratimj Point Variations evaluated
• Engine Coolln9 and Control examined
• Engine/Vehicle Integration intensified
a Vehicle Perfocmaoce Sensitivity to Engine Performance and

Weigh( variation evaluated
• Engine/Vehicle Alternate Mission capabilities determined
• Comparison Engines (Rocket, Aithmather) fully assessed

12

VOLUMES

4&S

VOLUME 6

CROSS
REFERENCING

i

VOLUMES

" 2&3

VOLUME I

FIG[_E 3. Main Program Structure and Documentation

R-24,500

-4-



technical penetration into the engines and their vehicle/mission ramifications.

A primary point of the figure is that the documentation developed during each of

the three phases of the program provided useful engine information. These engine

information documents Joined the final main technical report and a summary volume

in comprising the basic program documentation (Reference l) issued prior to the

present report.

Since, in its essence_ the extension phase effort departs directly from the

Class 2 phase effort (the right-hand portion of the Figure 3 representation),

further comment will be made here regarding this particular phase.

The Class 2 studies concentrated on two specific composite propulsion

systems, the Supercharged Ejector Ramjet Engine (SERJ) and the ScramLACE Propul-

sion System. These two systems are shown schematically below with a brief des-

cription of each.

Supercharged Ejector Ramjet (SERJ)

The SERJ engine comprises a basic afterburning cycle air augmented rocket/

ramjet which is fan augmented during the initial acceleration modes. Ultimately,

FIGURE &. SEPJ Schematic

mode subsonic loiter operation.

conversion to subsonic burning ramjet occurs

for high speed acceleration. The Class 2 engine

was a 215,000 lbs thrust system operating on

hydrogen fuel and liquid oxygen and capable of

flight speeds up to Mach 8. SERJ provides a

ramjet mode flyback-to-base capability follow-

ing post-staging entry and, finally, a fan

The engine uninstalled thrust/weight ratio was 18.0.

ScramLACE

The ScramLACE system is a hydrogen fueled engine which liquefies atmospheric

air as the oxidizer for the initial acceleration ejector mode. Conversion to

FIGURE 5. ScramLACE Schematic

ramjet operation and then to supersonic

combustion ramjet mode (SCRAMJET) provides the

very high Mach number capability of this power

plant, (Mach 12 and beyond). The Class 2

-5-



engine was configured as a two-dimensional (rectangular) unit with a sea level

static thrust of 173,000 lbs and a thrust-to-weight ratio of 16.5(uniustalled_ Follow-

ing autryln_ue reusable cycle, a ramjet mode is provided for cruise back to base

and loiter is performed on a throttled back ejector mode opera_ion.

The ultimate choice of SERJ and ScramLACE, not only reflected two of the

more attractive composite propulsion systems, but also reflects a technology

level rationale: zelatively "available" as opposed to"far-ter_' technology for the

two concepts, respectively. The advanced technology intrinsic in ScramLACE is

represented for example, in the integration of the air liquefaction feature,

providing high performance for initial operation, with the outstanding potential

of the supersonic combustion ramjet mode, which yields a capability for penetra-

ting to very high hypersonic maximum speed conditions. Conversely, in the case

of SERJ, the integration of a conventional low pressure ratio fan supercharger

with a bipropeliant rocket primary system, and subsonic combustion ramjet opera-

tion tends to denote a relatively near-term availability in the technology sense.

T_e baseline launch vehicle used to investigate the payload potential of

the Class 2 engines is reflected in Figure 6. This vehicle# meeting the stipula-

tions of the guidelines listed previously# was a one million pound gross weight

system with a high fineness ratio lifting body configuration. It is a two sta_c

system featuring a buried all-rocket second stage installation. A multiple engine

complement is shown beneath the vehicle. The engines are integrated with the

vehicle undersurface where they benefit from the intake flow field conditions

and use the aft surface for exhaust expansion to maximize performance. Additional

features of this typical Class 2 vehicle are given on the figure.

In addition to the Class 2 composite systems, SERJ and ScramLACE, two compari-

son systems of a more conventional type were investigated as "yard sticks" to

provide a useful index of performance for Judging the composite systems. These

two systems were, (1) a "very advanced" pure rocket system with an advanced

combustor/nozzle configuration and operating cycle, operating on hydrogen/oxygen

propellants (denoted as Engine 0) and, (2) an advanced hydrogen-fueled turboramjet

system (denoted as Engine X).
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open bar in Figure 7.

(IOOO KG) O

ENGINE (IOOO LBM) 0

O "VERY ADVANCED" ROCKET

HTO - GEAR

The final payload performance of the Class 2 composite propulsion

systems_ and the comparison systems just described are revealed in Figure ?

below. The open bar indicates, for the one million pound takeoff weight vehicle_

the gross payload delivered to the orbital condition for the assumed overall

mission profile (see guidelines). As a secondary figure of merit, the ratio of

total system inert weight to payload delivered to orbit is also included as the

GROSS PAYLOAD

I , ] .... !

5 10 15 20 25
b t i I I II 1

lO 20 30 40 50 60

HTO- SLED

VTO

12 SUPERCHARGED EJECTOR
RAMJET OVI-8)

22 SCRAMLACE (M-lO)

X TURBORAMJET

....... , ,,,,L,
I

!
l

, , , ,, ,, ,=

l
i o

, i ,, ,L, ,' ,l

,,,' , I,

I' ,, ' " ", , " ,,,, ,I]

0 5 10 15 20 25 30

TOTAL SYSTEM INERT WEIGHT PER UNIT PAYLOAD

1

Class 2 Performance SummaryFIGURE 7.

As can be noted the Composite Propulsion system indicated a clearly

competitive situation with the comparison rocket _nd airbreathing system. In

fact, substantiation of the thesis that Composite Propulsion systems can be a

third, full contending approach -- along with the all-rocket and the turbomachine

based airbreathing systems -- for the powerplant role in advanced launch vehicles

was the principal finding of the basic study. Also, delineation of the technology

requirements, particularly those for achieving a satisfactory predevelol_zentphase

for acquiring the indicated composite propulsion system capability, was a signal

output of the program.

Leading to the need for further study in an extension phase, as a

direct output of the Class 2 study phase a number of areas were identified as
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requiring additional analytical and design investigation:

1. With regard to the matching of the various engine subsystems, the

techniques employed for performance predictions did not fully provide

for the fact that during some portions of the flight, complete thermo-

dynamic and aerodynamic matching would not be accomplished. Also,

internal process efficiencies, though believed estimated at realistic

levels, were held constant over the full flight regime as opposed to

being scheduled with flight conditions as might be the case.

2. Weight studies and structural heating considerations were extracted

largely from previous studies, whereas detailed heat transfer analysis

would be ultimately required to confirm cooling feasibility. Structural

analysis _as pursued on a very simplified basis in which, for example 3

internal engine load paths were not actually quantified.

3. The analysis suggested, but did not evaluatej the possibility that a

fixed geometry exit _ozzle might be feasible and attractive for the

rectangular ScramLACE engine.

4. Inasmuch as the cycle performance capitalization on the heat sink

characteristics of slush hydrogen (viz._ recycle engines) was examined

only in the initial phases of the study_ further study appeared to be

in order to identify the overall system performance/weight trade-off

relationships.

5- P_yload performance was calculated for a vehicle "maximum performance"

ascent path characterized by relatively high dynamic pressure levels.

The effect on payload of flying more lofted trajectories such as might

be dictated by operational constraints, e.g. early abor% sonic over°

pressure_ was not determined.

6. Finally, the fact that employment of the low pressure ratio (1.3) fan

subsystem had proved quite satisfactory for the more attractive compo-

site systems, enlargement of the range of pressure ratios (and bypass

ratios) was indicated to define logical engine design points.

The need for additional investigations as represented by the above listing

resulted in the initiation of the extension phase program that is to be described

in this report.

-9-
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C. EXZ_SION PHASE EFFORT (Reported Herein)

As noted above, the Extension Phase effort used as a point of departure

the Class 2 study phase of the main program. The effort did_ in fact, concentrate

on the two Class 2 propulsion systems described in the previous section, SERJ

and ScramLACE. To distinguish the results of the Extension Phase_ these systems

in their final versions were termed Class 3 engines. The results reported for

the Extension Phase are arranged in terms of the two engines_ and the vehicle/

mission results obtained with them.* Responding directly to the work area needs

listed at the end of the previous section, the task structure of the Extension

Phase reflected six main tasks:

Task l, (SEEJ and ScramLACE) engine performance investigation including

subsystem matching

Task 2_ (SERJ and ScramlACE) structures and cooling analyses and

associated design studies

Task 3, (ScramLACE) exit nozzle studies including both variable and

fixed geometry approaches

Task 4, (Sc_CE) recycle ScramLACE investigation including various

recycle rates with tanked slush hydrogen

Task 5, (SERJ and Scr_CE)flight path sensitivity study to investigate

the payload ramifications of alternate flight path selection

Task 6, (SERJ) Fan pressure ratio investigation

The Extension Phase effort was performed by Marquardt supported by Lockheed

and utilized the identical terms of merit for the various studies as used in the

basic program. These, it will be recalled, (Figure 7) are gross payload to

orbit (primary) and total system inert weight per unit payload (secondary). The

latter is viewed as a system hardware cost indicator. Lockheed performed the

analyses of the payload ramifications of each of the above tasks, and performed

the flight path sensitivity study (Task 5) as a sole effort. Marquardt performed

the propulsion system analyses involved in the six task effort. Figure 8 graph-

ically reflects the makeup and interrelations of the program, reflecting

clearly that the study centered about the two propulsion systems previously

described.

*These three reporting areas are reflected herein as Sections IV_ V, and VI,

respectively.

-10-
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As will be reported, the Extension Phase effort significantly deepened the

technical penetration into these representative composite propulsion systems and

revealed the vehicle and mission payoff of these concepts to a significantly

higher degree of confidence relative to the previous effort. The objectives

and the scope and approach used in the performance of the study are next reviewed.

-]2-
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II. OBJECTIVES

A. BACKGROUND AND BROAD PROGRAM GOALS

Broadly, it was the objective of this six month study extension to the main

"effort under Contract NAST-37V to: (1) accomplish engineering verification studies

to achieve increased engine design and performance confidence levels, (2) conduct

special _ngine subsystem investigations, and (3) analyze several vehicle opera-

tional facets of interest. The above efforts _ere to center on the previously

derived Class 2 engine systems: Supercharged Ejector Ramjet (SERJ) and ScramLACE.
t

At the conclusion of the initial study phase under Contract NAS7-377# it was

evident that there _ere a number of technical areas which required further

investigation to provide an increased confidence level in the overall program

results. These areas centered about engine design and analysis# particularly for

the two Class 2 engine selections_ SERJ and ScramLACE3 for which some detailed

conceptual design work had been accomplished. These technical aspects were

identified as a direct result of the increased design penetration in the final

study phases and have been reviewed at the conclusion of Section l-b.

An example is the assumption (based on significant previous and concurrent

study at Marquardt ) that the high speed supersonic combustion mode of the ScramLACE

powerplant would demand hydrogen cooling flows not exceeding that associated with

stoichiometric burning. The most severe condition _as estimated to be the Mach lO

airbreathing termination point, which Lockheed found to be the maximum payload

staging velocity for engines with supersonic combustion modes.

What was then required _as a significantly deeper penetration into. the

performance area and into several design areas, such as heat transfer and structural

design analyses. In response to the SCRAMJET mode potential cooling problem cited

above, the Mach l0 flight condition would now be analytically imposed on the

regeneratively cooled sections of both the engine and the inlet and a comparison

made between the total heat flux and the hydrogen heat sink available. If signi-

ficantly higher-than-stoichiometric hydrogen requirements should be indicated,

then the payload capability of ScramLACE would be correspondingly degraded.

In general, propulsion system performance had been calculated for the various

engine operating modes assuming all components were operating on design_ albeit

at estimated realistic efficiencies. In the Class 2 phase sensitivity analysis

-13-
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(Reference l, Volume 7_), engine component efficiencies and operating conditions

were sequentially varied about a nominal value per an assumed schedule. By this

means, the effect on overall specific impulse and thrust was documented for

component efficiency excursions for all feasible engine modes and flight conditions.

What remains to be performed is a basic off-design analysis wherein non-ideal

performance component matching is addressed. Such an effort would assess the

realistic situation of up and downstream component interaction.

The particular variable geometry exit nozzle concepts reflected in the Class

2 engine designs represented a nominal attempt to satisfy both the ejector and

subsonic combustion ramjet mode area ratio requirements. Alternative nozzle

designs might prove to be superior. Moreover3 a completely fixed geometry

approach might provide an attractive potential for reduction of weight and

complexity. The performance penalty associated with a fixed exit had yet to be

determined, however.

Another area where additional efforts were deemed likely to be fruitful is

in a broadened and deepened subsystem inquiry. This would logically include

such items as air liquefaction units operating in the recycle mode with tanked

slush hydrogen (as a heat sink). The basic performance virtues of recycled air

liquefaction operation were demonstrated in the study at one arbitrary design

point. However, an investigation toward the selection of an optimal design point

remained to be accomplished. Inquiry here may, for example, uncover technical

problems which Could reflect less favor on this particular operating cycle with

respect to its position relative to the lower performance non-recycle operation.

The performance of this and other tasks, similar in nature, would do much to add

authority and increased confidence to the basic study findings.

The specific objectives, which directly relate to the program's task structure,

may conveniently be grouped under the engine categories and a vehicle/mission

study heading. Theme will be defined in the following sections.

B. SUFERCHARGED EJECTGR RAMJET STUDY OBJECTIVES

The Extension Phase efforts involving the Supercharged Ejector Ramjet engine

fell into three task areas. Their objectives were as follows:
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i. Performance Studies Including Subsystem Matching (Task i)

The goal of this effort was to ascertain for SEPJ the effect of reevaluated

component and process efficiencies and subsystem interaction on the performance

of the engine in the Mach 0 to 3.0 speed regime. Subsystem matching was to be

performed in the context of an overall engine control approach, to be defined.

The net output would be presented in the form of parametric maps presenting

engine performance (thrust_ specific impulse) in terms of a range of flight

condition (velocity, altitude).

2. Structure and Cooling Analyses and Related Design Investigations

(Task 2)

A heat transfer and cooling analysis 8f the SERJ engine at identified criti-

cal flight operating points was required to verify engine operating feasibility

at the stated operating equivalence _atio, and to provide input data to the

deepened weight analysis. This required an in-depth structural and preliminary

fabrication study. As a culmination of this effort, and the preceding performance

study_ an overall design layout of the Class 3 engine was to be made.

3. High Pressure Ratio Fan I/ivestigation (Task 6)

The objective of this effort was to determine the overall effect of a rela-

tively wide v_riation in fan subsystem pressure ratio about the nominal pressure

ratio of 1.3, selected for the Class 2 SERJ engine. Based on simplified relation-

ships to be described, engine weight characteristics %_re to be established for the

wide pressure ratio range of 1.1 to 3.0. This performance study was to include

all fan-using modes for the engine. A final goal was the determination of payload

implications of the fan pressure ratio variation.

C. SCRAMLACE STUDY OBJECTIVES

The specific objectives of the ScramLACE investigation falls into four of

the six task areas with the objectives described below.

1. Performance Study Including Subsystem Matching (Task l)

As for SERJ, the on and off-design characteristics of individual components

for the ScramLACE engine were to be determined for all operating modes in the

Mach 0 to B.O speed regime. Subsystem interaction and restated process efficlen-

cies schedules were to be considered, and a general control approach synthesized



for all engine operating modes. The resulting engine performance _as to be

stipulated in parametric form in the form of maps for all operating modesin

the applicable speed range.

2. Structure and Cooling Analyses and Associated Design Studies (Task 2)

A critical-condition cooling analysis w_s required for the Sc_E

engine at operating condition points to be determined. _he purpos_ as for the

SERJ studies, _as to verify engine operating capability within achievable

material limitations at a stoichlometric overall equivalence ratio in ramjet

and SCRAMJET operating modes. The results of the cooling analysis was to serve

as input to the structural analysis which would_ in turn_ yield a basis for

a new weight statement for the ScramLACE powerplant. It was the goal of the

structural analysis effort to indicate a finite construction approach for the

engine which would satisfy the thermal and mechanical loads and provide for an

acceptable engine overall weight. The culmination of the design study, in

conjunction _ith the performance analysis results, was to be the preparation of

an overall design layout dra_ing of the Class 3 ScramLACE system.

S. Exit Nozzle Study (Task 3)

The objective of this task was to select and investigate an alternative

variable exit nozzle design _ith reference to the Class 2 system and also to

define a fixed exit nozzle scheme and determ.ine its performance ramifications.

As for all of the tasks, the effect of the fixed exit nozzle w_s to be carried

into a payload level determination.

4. Hydrogen Recycle ScramLACE Investigation (Task 4)

Departing from the brief analysis of the recycle potential of .the Class

1 systems (Reference 1), a significantly broader investigation of this potential

for performance improvement was desired. Using the basic ScrsmLACE engine

as a baseline, three alternative recycle modes were to be investigated in terms

of engine performance and weight ramifications. Vehicle payload was to be determined

as a function of recycle rate. _he purpose here w_s to assess the range of

possibilities involving the use of tanked slush hydrogen, and to identify desirable

engine design points.
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D. VEHICLE/MISSION STUDIES

i. Supercharged Ejector Ramjet Engine

The vehicle mission studies were to ascertain the payload implication of

the several engine tasks described above for SER_. In addition, a flight path

sensitivity analysis (Task 5) was to be performed for a number of alternative

reference flight paths. It was the objective here to quantify the effact on

payload of departing from an optimal type trajectory identified and used in the

main study effort. This was a z_lativel_ low path as described on an al_tude/velocity

plot.* A possible utilization of the resulting data would be in consideration

of the effect of sonic boom limitations during the accelerating flight of future

launch vehicles. Although it was not the objective of the task to specify

overpressure conditions quantitatively, it w_s desired to reflect the payload

falloff expected as the trajectories were typically carried to a greater and

greater degree of lofting on the altitude velocity plot.

2. Scr_mLACE Engine

As for SE_, the objective of this task included the determination of the

payload output of the engine oriented tasks previously described. The

particular task which was vehicle/mission centered was, again, the flight path

sensitivity study (Task 5) as described for the SERJ engine above. Note was

made that the ScramlACE engine analysis would be somewhat more limited than

than for SEP_T for two basic reasons:

a. By design limitation the ScramLACE system is constrained with respect to

degree of lofting of the trajectory. This limitation derives from

an air liquefaction heat exchanger lower pressure operating limit of

lO psia inlet total pressure for the particular design studied.

b. The overall vehicle initial thrust-to-weight ratio or thrust loading

of the system was necessarily fixed at the Class 2 value of 1.038 due

to the high speed SCRAMJET/low speed ejector matching considerations.

Therefore_ within the scope of the extension phase_ this variable was

not free for optimization as for SERJ.

*Later Figure 152 shows the high performance trajectory as "Path l". As will be

noted this path continued as a reference in the extension study where it is

frequently referred to as "Class 2 reference trajectory".
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III. SCOPE AND APPROACH

A. APPROACH PHILOSOPHY

Broadly, the approach utilized for the performance of the Extension Phase

studies is a direct reflection of the continuing complementary engine and

vehicle/mission facets of the program's overall scope. Specifically, the further

penetration into the propulsion system areas was to be again reflected in terms

of a vehicle orbital payload, as a primary term of merit. This was in order to

provide an overall systems payoff basis for Judging the propulsion studies them-

selves. Although to a large degree, the program can be viewed from the standpoint

of the two primary objectives of the engine studies, (performance/structural

analyses), there were the "special task" aspects in addition. An example is the

fan pressure ratio investigation for SERJ. These study facets were deemed best

handled by uniquely attacking these items on an individual basis as they relate

to either, or both SERJ and ScramLACE.

The approach adopted then, was basically straightforward in that propulsion

system analysis was conducted to the extent of arriving at uninstalled propulsion

system performance and thrust/weight estimates, either in a parameterlc form over

a flight band or, more often, along the reference trajectory previously used. The

resulting data were then provided to the vehicle/mission analysts who pursued the

required vehicle installation and flight performance studies from which payload

estimates were arrived at relating to the various propulsion areas.

Also, the six tasks of the program, being either closely associated efforts

for the two engines or separable investigations, were performed basically con-

currently. This is in contrast to the main program's serial arrangement of its

four basic tasks (see Reference l, Volume 2, Section _.3.2). Contrasting Figures

3 and 8 revealsthis difference.

The principle evaluation criteria remained specifically as noted for the

basic study:

1. Orbital payload performance based on gross payload delivered to

the reference 262 nautical miles circular orbit by the 1.O million

pound gross weight two-stage vehicle (Reference Figure 6).
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2. Systems hardware weight index, _efined as the total vehicle plus

engine systems inert weight per pound of delivered payload (This

parameter connotes overall system hardware cost monitoring).

These criteria derived for the vehicle/mission studies will be recognized

as the same ones utilized in the basic study as described in further detail in

Reference 1 (Volume 2, Section 4.2).

The study team consisted of Marquardt, prime contractor, and Lockheed,

operating under a subcontract arrangement. In terms of program phasing, after

the propulsion study had been underway approximately two months the Lockheed

effort began and concentrated initially on the flight path sensitivity studies

for the two engines using the Class 2 performance information as a basis. Sub-

sequently, as new uninstalled propulsion data became available from Marquardt,

the remainder of the tasks (payload implications) were completed by the Lockheed

personnel.

Program documentation comprises this final report document, presented in a

two volume series consisting of the Main Technical Report (Volume 2) and a brief

Summary Report (Volume 1). The latter encapsulates the gist of the study, and

is designed particularly for the attention of management personnel. The study's

scope and approach is further described in terms of the separate engine and

vehicle/mission activities below.

B. ENGINE STUDIES

Departing from the Class 2 SERJ and Scram[ACE engine concepts, the basic

performance and design studies were entered upon in consonance with the objectives

and task structures previously described. The efforts were pursued basically in

parallel except as controlled by the need for a progressive determination of

component and system interplay. An example of this is the obvious need, in the

performance estimation work, to complete the component evaluation and matching

portion of the effort prior to entering upon overall engine performance mapping.

In the case of the design studies, the need to complete the cooling analysis in

order to finalize the structural makeup of the engine is another example. It was



recognized in the propulsion studies that a certain amount of interaction between
the various tasks would occur. A case in pointj would be the relationship between

the variable exit nozzle study for the ScramLACEengine and the componentperform-

ance and matching studies.

It will be noted that for certain tasks the performance results were

referenced to a particular flight path, denoted the Class 2 reference trajectory.
This in fact was the so called "maximumperformance" path resulting from the main

program systemanalysis phase. (All reference paths will be stated or restated in
this report)_ For certain other tasks, the data were developed in a parametric

fashionj generally in the form of performance maps.

c. VEHICLE/_SSION STU'DZES

Since the effort was basically referenced to the Class 2 parametric perform-

ance information presented in Volume 7 of Reference i, the flight path sensitivity

effort proceeded initially at Lockheed with no extension phase generated performance

data requirement. This major effort by the vehicle analysts was nearing completion

at the time the extension phase performance information became available from

Marquardt for completing the remainder of the tasks. Hence the airframe contractor

concentrated on a single task for a significant portion of the time, and then

completed the study's task array as the program entered its final phase.

Documentation of results by the vehicle contractor were presented to Marquardt

as an addendum to the previous subcontractor report under the main program. These

results are fully incorporated into this final report document, primarily as Section

VI.

*See previous footnote on page 17.
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IV. SUFERCHARGED EJ_CTGR RAMJET ENGINE STUDIES

A. am m m ( SK l)

This task involves determination of performance or efficiencies of various

engine components under off-design conditions with consideration of component

matching. A nominal overall engine control approach was also defined for each

engine operating mode with consideration of the component matching requirements.

Finally, engine performance maps were computed using the inputs from the first

two subtasks. The overall task was divided into the three subtasks of (I)

Component Char_teristics Mapping, (2) Control Approach, and (3) Engine

Performance Mapping.

1. Co_nent Characteristics Mapping

a. Inlet

The basis for the SERJ inlet performance analysis in terms of inlet design

concept and airflow requirements was that from the Class 2 phase of the initial

study, Reference l, Volume 3. The inlet design is a two,dimensioual , variable

geometry, external-lnternal compression concept as shown in Figure 9. Although

the inlet analysis for the present study considered only the Mach zero to 3.0

flight speed range, the inlet design itself reflects the total speed range

capability up to M_ch 8. A moveable cowl lip has been used to provide closure

capability for engine protection against the high stagnation air temperatuz_s

in the powerless re-entry phase after staging.

The SERJ engine airflow requirements for the Mach zero to 3.0 speed range

are presented in Figure l0 in terms of inlet capture area. The approach for

determination of the inlet characteristics was to determine the inlet geometry

requirements (inlet ramp positions) which matched the desired capture area at

a given flight speed and then determine the resulting inlet total pressure re-

covery. With a fixed cowl lip position, the excess air (relative to engine

requirements) can be spilled by increasing the angle of the external compression

ramps. This will unfortunately lead to stronger oblique shocks or even a de-

tached normal shock for the lower Mach numbers, both of _aich yield lower inlet
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pressure recovery.

As an alternative to spillage, the excess air could be taken into the inlet

and bypassed overboard before the engine. A third option was to utilize the

moveable lip feature inherent in the inlet design. The lip is positioned to

accept the desired stream tube of air with no spillage. The deflected cowl

lip however, presents an additional external drag penalty. A brief comparison

analysis of this drag and the inlet momentum penalty for the bypass system was

made and the penalties were very similar. _ne moveable cowl lip approach was

selected for the analysis.

The objective for the final analysis phase was to obtain the best total

pressure recovery at the desired capture area. The combination of different

geometries (variable ramp and lip positioning) which gave the minimum shock

loss at a given flight condition was selected. This approach dictated the

ramp angles and the cowl lip position for the various flight conditions. The best

pressure recovery wa_ found to occur with two oblique shocks from the external

ramps plus one internal oblique from the cowl lip. The normal shock then

typically occurs at a local inlet throat Mach number of 1.4 to 1.5. The number

of inlet ramps and the individual lengths of the ramps _re varied slightly

to achieve the best performance within the scope of the conceptual inlet design.

Hence, the design of Figure 9 was considered to be just that -- a conceptual

layout of the type of inlet analyzed, but not absolutely definitive in terms of

ramps and ramp lengths.

Boundary layer bleed was not considered in the inlet analysis in that it

would have added another degree of freedom to a fairly complex analytical

problem. Hence, the resulting inlet performance can be considered conservative

relative to the potential performance of a variable ge_netry inlet with bleed.

It will be noted that the intent of the inlet analysis was to determine the

off-design characteristics of a representative inlet in order to evaluate the

effect of these characteristics on component matching and engine performance.

Inadditlon to the oblique and normal shock losses, the viscous loss for

the inlet surfaces upstream of the terminal shock was determined from Reference 2.
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Subsonic diffuser losses # which included viscous effects, were computed

based on Reference 3. A summary of the losses and the overall inlet total

pressure recovery is presented in Table I. The difference in capture area be-

tween the fan-using modes and the ramjet mode is insignificant in the pressure

recovery calculation. All fan-using modes are represented by the term "ejector"

in the table. A plot of the overall pressure recovery is presented in Figure II.

_ae inlet pressure recovery loss at the sea level static operating condition

in both Table I and Figure ii is caused by flew separation at the sharp cowl

llp. The loss has been estimated based on data from References 4 and 5. This

problem quickly disappears with increasing subsonic flight speed and the pressure

recovery in the high subsonic and transonic flight speed range represents

typical viscous losses and subsonic diffuser performance. A schematic presenta-

tion of the various inlet ramp and cowl lip positions for SERJ is sho_u in

Figure 12.

b. Fan Subsystem

The moderate-pressure ratio, single-stage fan subsystem characteristics

used for the initial study, Reference l, and particularly for the Class 2 SERJ

engine were based on nominal or design point data from a variety of sources such

as Reference 6 and 7. The fan pressure ratio _as 1.33 the bypass ratio (fan

airflow/gas generator flow) _as i0, and the gas generator _s assumed to have

a compression ratio of 13 with a turbine inlet temperature of about 2100OF.

These design point characteristics were assumed to remain constant for all flight

conditions.

The approach for the Class 3 SERJ fan subsystem was to assume the same

nominal design conditions but to match the fan and gas generator, and determine

the off-design performance effects. The inlet pressure recovery schedule of

Figure ii was used for the design point and off-design computations. Table II

lists the nominal design point component assumptions used for the Class 3

SERJ fan subsystem. The gas generator selected is representative of current

day demonstrator engines with typical turbojet operating characteristics as-

sumed for off-design flight conditions.
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TABLE II

GAS GENERATOR AND FAN DESIGN POINT DATA

Sea Level Static

Gas Generator

Corrected airflow, W
a

Compressor pressure ratio

Compressor efflciency

Burner efficiency

Burner pressure loss, AP/P B

Turbine cooling, WaBL/W a

T_rb ine efficiency

Ducting pressure loss, Ap/p

118.9

13.0

0.85

1.O0

o.o6

o.o_5

0.88

0.o_

Fan and Tip Turbine

Bypass ratio, Waf/Wagg

Fan pressure ratio

Fan efficiency

Tip turbine efficiency

lO.0

1.3

0.84

0.85



_he gas generator design inlet temperature is 2100°F with an increase to

2300°F to offset the decrease in compressor pressure ratio and corrected airflow

at high flight Mach numbers. This decrease in pressure ratio and corrected

airflow causes the tip turbine to have less available energy, hence, the amount

of air that the fan can compress is decreased. This is due to the fact that

the total work of the tip turbine (Wgas it)A htt must equal the total work

expended by the fan in compressing the air (Wairf)Ahf, and a decrease in fan

corrected airflow and pressur_ ratio is noted. The fan operating characteristics
were determined by utilizing a_typical moderate-pressure ratio fan map.

l

The decrease in the g_sl/generator compressor pressure ratio and corrected

airflow is caused by the matching characteristics of the compressor and compressor

turbine. In order to have a "match" three conditions must be met for stable

operation:

i. Compressor speed equals turbine speed.

2. Gas flow through the turbine equals the airflow through the compressor

plus the fuel flow and minus any turbine cooling assumed.

3. Turbine work equals compressor work.

It is noted that turbine work varies directly as the turbine inlet temperature.

The figure below shows a compressor map with lines of corrected turbine inlet

temperature.

o . DESIGN POINT-_ Tit/_/'_-'°R

,.., I' _ _-2560_ I STEADY STATE _ 2060

g I OPERATIN

1560

CORRECTED INLET AIRFLOW, Wa
6

FIGURE 13. Typical Gas Generator Compressor Map
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An increase in flight Mach number produces a decrease in corrected turbine inlet

temperature, therefore a fall-off in compressor performance. To offset this

decrease in compressor performance, the turbine inlet temperature was increased;

due to the turbine blade temperature limitations, a maximum turbine inlet tempera-

ture of 2300°F was assumed. The maximum turbine inlet temperature for the gas

generator also matches well with the maximum fan tip turbine inlet temperature

for uncooled blades.

The Class 3 SERJ fan-gas generator match was computed holding the following

parameters fixed:

Gas generator turbine inlet temperature = 2100°F

Gas generator compression ratio = 13.0

Sea level static pressure recovery --0.97

Fan airflow = ]189 lbm/sec (Class 2 design value)

_ae following parameters resulted:

Fan pressure ratio at sea level static = 1.273

Bypass ratio = 9.6

0ff-design performance characteristics are presented in Figure 14 in terms

of fan pressure ratio as a function of flight Mach number and altitude. It

is noted that the fan pressure improves slightly with increasing flight speed

and a 1.3 pressure ratio is achieved for a band of flight conditions but a

decreasing pressure ratio with increasing flight speed occurs at all altitudes.

The fan performance map of Figure 14 reflects the increased gas generator turbine

inlet temperature of 2300@F where required. This modulates the decrease of

pressure ratio with flight speed to some degree.

The off-design airflow characteristics of both the fan and gas generator

are presented in Figure 15 in terms of percent flow as a function of flight

conditions. This permits a trend comparison of the fan and gas generator and,

as shown, the airflow characteristics diverge slightly only at the higher flight

speeds. This also means an essentially constant bypass ratio for the flight

spectrum.
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Comparisons of the Class 2/Class 3 SERJ fan press,_re ratio and fan airflow

with flight speed for the Class 2 reference trajectory are presented in Figures

16 and 17, respectively. The apparent significant divergence of fan pressure

ratio in Figure 16 does not have a corresponding effect on engine performance.

The increasing inlet (ram) compression with flight speed counteracts the de-

creasing fan pressure ratio. The divergence of fan airflow shown in Figure 17

essentially carries over into engine performance, especially in the fan ramjet

mode, as will be seen later. Fan airflow fall-off at the higher flight speeds

for Class 3 is due to the fan and gas generator matching characteristics and

power available fr_n the gas generator at these conditions, as discussed earlier.

c. Exit Nozzle

The translating ring exit nozzle performance for SERJ was determined for

the supercharged ejector mode and the fan ramjet mode. Due to the slight varia-

tion in nozzle throat area or nozzle area ratio along a ty_oical trajectory, and

the excessive cost of analyzing the nozzle performance on electronic data process-

ing equipment, a few pertinent flight conditions were chosen to investigate the

variation in nozzle efficiency. The basic definition for the nozzle efficiency

used is the ratio of the actual average kinetic energy at the nozzle exit to the

kinetic energy that results from a one-dimensional, isentropic expansion through

the nozzle geometrical area ratio, AjA 5. The kinetic energy efficiency is de-

fined as :

The exit nozzle efficiency on a stream thrust basis is related to the kinetic

energy efficiency by

nstream thrust nkinetic energy

The stream thrust efficiency applies directly to the gross thrust of the engine.

The upper and lower compartments of the sliding ring nozzle were examined

independently by the method of characteristics at each selected flight condition.
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The _all pressures fr_n the characteristics networks were used to determine the

thrust on each contour by the relationship:
Y_

T -- 2 y/(Y P) aM.

The contour thrust was utilized to determine the net thrust coefficient

(CT) of each compartment. Nozzle Jet thrust coefficient is defined as the ratio

of the thrust to the product of the chamber pressure and throat area.

CT = Thrust

PT4 A5

The overall Jet thrust coefficient is the mass weighted average of the

individual compartmental _hru._t __oefficients. A range of thrust coefficients

for a standard nozzle were computed as a function of nozzle efficiency for the

conditions of the SERJ nozzle. The SERJ nozzle efficiency was determined frcm

the overall Jet thrust coefficient and the standard nozzle coefficient- efficiency

relationship. The results obtained from the selected flight conditions indicated

that a constant nozzle efficiency of 0.98 (stream thrust basis) could be used

for the entire spectrum of flight conditions.

Another aspect of the SERJ nozzle analysis was the consideration of over

and under expansion effects. Over or under expansion of nozzle flow does not

affect the efficiency of the nozzle but is accounted for by adjustments or

corrections to the computed thrust of an engine. The brief analysis was con-

ducted to obtain an indication of possible nozzle separation problems.

Figure 18 presents the SERJ exit nozzle pressure ratio for the supercharged

ejector mode as a function of flight Mach number and altitude. As shown, the

nozzle flow is underexpanded (full nozzle utilization) for a significant portion

of the flight regime. Overexpanded flow occurs only at low flight speeds and

altitudes and with low nozzle pressure ratios. The separation pressure as a

fraction of ambient back pressure for a range of nozzle pressure ratios was

obtained from References 8 and 9 and is presented in Figure 19. _s shown,
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the separation pressure is 0.6 to'0.8 of the ambient pressure for a nozzle

pressure ratio range of 2 to 5. Hence, only a slight overexpansion effect is

anticipated for the SERJ engine.

d. Other Components

The "other" component list is comprised of the primary rocket and turbo-

pump subsystem, the mixer, and the afterburner. Respective component parameters,

or efficiencles are combustion and nozzle efficiencies for the rocket, gas

generator propellant flow versus overall propellant p_nped for the turbopump,

mixing efficiency and afterburner combustion efficiency.

The rocket primary subsystem for the SERJ operates at design chamber pres-

sure and 0/F ratio at all flight conditions, independent of the other engine

components. Chamber pressure and primary flow are not varied for matching

or control of other components. Hence, the only off-deslgn performance for the

rocket is the slight variation that would occur from the tolerance band on the

flow and 0/F ratio controls. These variations would not be scheduled and would

have no relation to the other engine operating parameters. Therefore with

constant primary rocket chamber pressure, 0/F, and flow, the combustion and

nozzle efficiencies have also been taken as constant and at the level used in

the studies in Reference i. These are, respectively, a combustion (C*) efficiency

of 0.975 and a nozzle (thrust) efficiency of 0.98.

The turbopump-drive g_s generator system for the rocket primary is also

an on-design system for all flight conditions and no change of turbopump para-

meters would be scheduled in relation to the other engine components. The

afterburner fuel turbopump has a varying flow but is designed for over-the-range

operation, hence the change in turbopump drive propellant for the flow band is

insignificant, a variation of less than one percent. As the afterburner fuel

drive penalty is only B-9 percent of the flow, the one percent variation reduces

to four hundredths of one percent propellant change. Hence the turbopump drive

propellant consumption was taken to be constant for all flight conditions.

The mixing efficiency used for engine performance computations is based on

the percentage of ideal static pressure rise from the mixing-Jet compression

process. The level of efficiency is based on the experimental data of References

-_0-



i0 and ii. More recent data from tests of a hydrogen-oxygen Ejector Ramjet sub-

scale engine operated by Marquardt under Contract AF 33(615)-3734 have further

substantiated the achievable level of mixer performance. The majority of the

test data are for sea level static (the SE_J design point) and only limited data

exist for off-design flight conditions. These limited data indicate no signifi-

cant change in mixing efficiency with flight condition.

The importance of a change in mixing efficiency in terms of engine perform-

ance decreases rapidly with flight speed past Mach 1.O since inlet or ram

compression progressively dominates the air compression process. At the subsonic

flight speeds, the engine airflow and inlet conditions are similar to the sea

level static design point and no significant change in mixing efficiency is

anticipated. Therefore, the mixing efficiency has also been taken as a constant

value at 80 percent for all SERJ flight conditions. The mixer is also not a

control component of the engine and a change in mixing performance would only

result in an adjustment of the variable geometry engine exit nozzle to maintain

component "matching".

The remaining component is the afterburner and the key parameter is combus-

tion efficiency. A number of hydrogen-air combustion tests have been conducted

for subsonic combustion ramjets, References 12, 13, and 14. The experimental

test conditions covered a wide range of inlet air temperatures from ambient up

to Mach 8 conditions and a range of burner pressures. The point is frequently

made in the discussion of results that the achievable combustion efficiency is

mixing limited and not reaction kinetics limited.

Combustion efficiencies consistently ranged in the 80 to 90 percent band for

combustion lengths of only 8 inches and reached 95 percent for certain conditions.

The 95 percent level is stated to be achievable with adequate fuel mixing and/or

residence time. For the Class 3 SERJ, the combustion length is two to three feet

with the sliding ring variable nozzle in the partially open or open position and

averages more than a foot in the nozzle closed position. These lengths are due

to the size of engine and the variable exit nozzle packaging requirements for a

wide range of exit throat variation. With an adequately designed fuel injection

system, a constant and high level of combustion efficiency can be attained. Eence,

the combustion efficiency has been taken at a constant 95 percent as for Class 2.
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As for the mixer, the afterburner is not a control component and variations

in combustion performance would require an adjustment of the variable exit nozzle

for subsystem matching.

In summary, the three prime control components for subsystem matching are

the inlet, fan subsystem, and the engine exit. All other components are either

insensitive to off-design conditions or variations in their performance would be

compensated or adjusted for either automatically or by scheduled control of one

of the prime components. Of the three prime components, the fan subsystem is

the basic or overall control component in the selected control approach. The

inlet is adjusted to achieve the best pressure recovery but at the airflow

schedule of the fan system. The engine exit nozzle is varied to match both

components but "communicates" with the inlet through the fan.

2. Control Approach

Analysis was performed on the engine control of the SEBJ resulting in the

general approach and control loop mechanization described below.

Control of the engine will be accomplished with the five basic control loops

shown in Figure 20. These are:

a. Inlet control loop

b. Fan control loop

c. Primary rocket control loop

d. Combustor/afterburner fuel control loop

e. Exit nozzle control loop

The four operating modes in order of operation in the normal flight profile

of the engine are:

a. Supercharged ejector mode (fan_ rockets, afterburner active)

b. Fan ramjet mode (fan, afterburner active)

c. Ramjet mode (afterburner active)

d. Fan operation mode (fan active)

It is noted that Modes b and d differ basically in the afterburner equivalence

ratio, Mode b is normally stoichiometric while Mode d (loiter) varies from zero to

moderate afterburning.
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FIGURE20. Supercharged Ejector Ramjet Control System
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Override circuits are included where required. Three of the control func-

tions i.e., inlet throat, exit nozzle throat and afterburner-combustor fuel flow

are modulated throughout the flight regime. The rocket feed loop is used o_-ly in the

supe_ed ejectormode and th_fan is activated during Modes a, b, and d_ during

the ramjet mode (Mode c) the fan is withdrawn from the duct. Modes d and b are

identical except that in Mode b the fuel equivalence ratio, _, is normally main-

tained, stoichiometric; whereas in Mode d_ _ is varied from 0 up to moderate

afterburning. Selection of active control loops and/or control parameters is

effected by the manually controlled mode selector.

The individual mode control approaches are described below. Reference

should be made to Figure 20.

a. Inlet Control Loop

This circuit provides throat area variation as a function of the flight

Mach number. Closed loop control is used to position the inlet throat to the

designated area. Buzz and unstart override circuits (not shown) have been

considered.

b. Fan Control Loop

The fan speed is regulated to a selected reference speed by throttling the

fuel flow rate to the airbreathing gas generator. The scheduled reference

speed is temperature corrected and summed with the measured actual fan speed to

generate an error signal. The error drives the fuel controller and valve to

throttle fuel flow to the gas generator_ which in turn, supplies power to the

fan tip turbine until the desired speed is obtained. A temperature override is

included to limit the temperature of combustion products for protection of the

fan tip turbine. A circuit is included in which errors between measured duct

airflow rate and a scheduled flow rate override the inlet throat area schedule

to modulate the inlet throat such that the desired airflow to the fan and aero-

dynamically coupled gas generator are achieved. An open loop control is provided

to retract the fan from the duct during high speed ramjet operation ( ode c).

c. The Primary Rocket Control Loop

The rocket subsystem control is a fixed point control system designed to

operate the rockets at full chamber pressure. The system is driven to design

condition in a bootstrap operation from ignition to full thrust with 0/F ratio



and absolute flow predetermined by design, i.e.,, valves, metering orifices3 gas

generator and turbopump sizing. At command,the spin valve is opened releasing
blowdo_u gas from the pressurized starter tank to the gas generator and the

turbine blades. Simultaneously spark energy is applied to the gas generator

igniting the gas and incoming propellants. At ignition the spin valve closes.

The main propellant valves are openedand ignition is initiated in the rocket

combustion chamber. As the pumppressure increases_ the propellant flow to the

gas generator also increases until the propellant delivery conditions equate to

the rated gas generator power level.

d. The CombustorAfterburner Fuel Control System

The afterburner control system is a closed loop control system which senses

engine airflow rate and modulates fuel flow to maintain commanded equivalence

ratio. The airflow signal is converted to a desired fuel flow signal by mea_s

of the equivalence ratio computer. The error between the command fuel signal

and the sensed fuel flow rate positions the fuel valve until the desired flow

rate is obtained. Upstream fuel valve pressure is generated by the turbopump

unit. The loop is activated at vehicle startup in a manner similar to the primary

rocket control loop except that the oxidizer is supplied by the pressurized

auxiliary liquid oxygen tank.

e. Exit Nozzle Control Loop

At supersonic flight speeds the exit nozzle is modulated to control inlet

shock position. An aerothermodynamic feedback signal is compared to a reference

signal to generate an error signal which positions the exit nozzle until the

error is hulled. In the event of circumstances where insufficient back pressure

control is attained (exit nozzle position limit), a loop is added to override

the inlet control schedule to maintain shock position. For subsonic flight

speeds the exit nozzle is modulated to maintain the required ratio of tip turbine

exit pressure to fan back pressure. Again closed loop control with aerothermo-

dynamic feedback is used to accomplish the control function.
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3. Engine Performance Mapping

a. Class 3 Performance

Engine performance for the Class 3 SERJ was obtained using the same analysis

techniques and IBM computer program as utilized in the initial program and as

described in Appendix B of Reference 1. Minor modifications were made to the

computer program to facilitate SERJ engine performance computations and the

program was converted from the IBM 70_0 to IBM 360 under an Air Force study pro-

gram.

The inlet performance, fan gas generator characteristics, and other component

efficiencies discussed previously in the component characteristics mapping sub,

task were used for all Class 3 SERJ performance computations. One new and

additional component efficiency has been used for the Class 3 SERJ. This is a

diffuser efficiency for the engine diffuser between the mixer and afterburner.

A kinetic energy efficiency was selected similar to the inlet and nozzle kinetic

energy efficiencies. An efficiency level of 0.90 was selected and yields a total

pressure loss of about 7 percent for near sonic diffuser inlet Mach numbers and

about 2 percent for an inlet Mach number of 0.5. Hence, the constant diffuser

efficiency produces a variable diffuser performance automaZically as the diffuser

inlet Mach number varies with flight conditions.

The inclusion of the diffuser efficiency in the engine performance analysis

resulted in a slight redesign of the SERJ mixer contour in the initial Class 3

performance determination. The Class 2 SERJ mixer was a constant area design

with a high mixer exit (diffuser inlet) Mach number. Incorporation of the diffuser

efficiency reduced sea level static thrust and specific impulse by about 7 percent.

However, divergence of the mixer to reduce the exit Mach number and the diffuser

pressure loss raised the performance to within 3 percent of the Class 2 level.

The new mixer contour is reflected in the Class 3 engine design discussed later.

A 2.5 percent increase in the primary rocket flow was used to raise the sea level

static thrust up to the previous 215,000 pound level, resulting in a 3 percent

penalty in specific impulse, _80 versus &93 seconds. This represents the net

penalty for the inclusion of diffuser efficiency considerations. The increase in

primary flow was made to adjust the engine back to the Class 2 level as a starting

point for applying the Class 3 inlet and fan performance characteristics.

-_6-
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There is one additional difference of significance in the Class 3 perform-

ance analysis, relative to Class 2. For Class 2, the tip turbine exhaust gas,

although conceptually dumping into the mixer and passing through the engine, was

not considered in the performance calculations. The exhaust represents mass and

air for combustion and also has an inlet momentum penalty with flight speed. A

limited check in Class 2 indicated that the performance benefits were counter-

balanced by the momentum penalty. Class 3 performance includes all aspects of

the tip turbine exhaust and the effect was as indicated in Class 2. Consideration

of the exhaust flow at sea level static in the supercharged ejector mode affected

the engine performance by only a fraction of one percent.

For the Class 3 SERJ, the sea level static fan pressure ratio and inlet

pressure recovery are 1.273 and 0.97, respectively, as compared to Class 2 levels

of 1.30 and 1.00. The slight decrease in fan pressure ratio caused a 2 percent

drop in thrust and the inlet pressure recovery of 0.97 resulted in an additional

3.5 percent decrease in thrust. The overall decrease of 5.5 percent yielded a

sea level static thrust for the Class 3 SERJ of 203,000 pounds compared to 215,000

for Class 2. There was a corresponding decrease in specific impulse, coupled with

the 3 percent drop for the primary rocket flow adjustment, for an overall drop

of 8.2 percent. This yielded a sea level static specific impulse of 453 seconds

for Class 3 compared with 493 for Class 2.

Performance maps for the Class 3 _ are presented in Figures 21 and 22.

The supercharged ejector mode specific impulse is shown in Figure 21 as a function

of flight velocity and altitude. The fan pressure ratio falls off with flight

speed (Figure 12) and the performance maps have been taken out to essentially a

fan pressure ratio of 1.0 point at the higher speeds. Corresponding supercharged

ejector mode thrust characteristics are presented in Figure 22.

Class 3 fan ramjet mode specific impulse is presented in Figure 23 and the

corresponding thrust in Figure 24. The zero to Mach 1.0 portion of the fan ramjet

operation is presented as "fan operation" performance in following figures. A

total airflow map which is applicable to all fan using modes is presented in

Figure 25. The fan has been considered the primary overall control component.

Hence, airflow to the engine during fan operation is specified by the fan gas

generator matching characteristics. Inlet capture area requirements for the fan

airflow map are presented in Figure 26.
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Subsonic combustion ramjet performance for the Class 3 SERJ is presented

in Figures 27 and 28. Figure 27 illustrates the ramjet mode specific impulse

characteristics for the Mach 1.0 to 5.0 flight speed range and corresponding

thrust trends are presented in Figure 28. The performance is shown to Mach 5

although the effort in this task was specifically oriented to the Mach zero to

3.0 regime. _e basic ramjet performance differences between the Class 3 and

Class 2 SERJ engines above Mach 3 result from a reduced inlet pressure recovery

for Class 3. Class 3 inlet pressure recovery was estimated to be equal to that

for Class 2 above Mach 5.0. Hence, the subsonic combustion ramjet performance

for the Class 2 SERJ in Reference l, Volume 7 is applicable to the Class 3 engine

for the Mach 5.0 to 8.0 speed regime. Ramjet mode inlet capture area require-

ments are presented in Figure 29 for the Mach 1.O to 3.0 range. The inlet area

at Mach 3.0 is full capture area and applicable to the speed range above Mach 3.0.

Figures 30 through 37 present the fan operation performance of the Class 3

SERJ for the Mach zero to 1.0 flight speed range as a function of altitude and

afterburner equivalence ratio. Performance is shoe for equivalence ratios from

zero to 0.50. Afterburner equivalence ratios of 0.75 and 1.O0 were also pro-

grammed but did not complete the computation cycle since the heat addition

pressure losses at this level of afterburning are greater than the combined fan

and inlet (ram) compression rise, i.e., the engine exit total pressure was

computed to be less than the ambient back pressure.

b. Class _/Class 2 Comparison

A comparison of Class 3 and Class 2 SERJ performance trends in all operating

modes _ill be presented in the following figures. All comparisons are for the

Class 2 reference trajectory (Path 1 of the flight path sensitivity study, to be

described in Section VI) or at a typical loiter condition. Significant perform-

ance factors for Class 3 relative to Class 2 are the reduced inlet pressure

recovery and the variation of fan pressure ratio and fan airflow with flight

conditions.

The supercharged ejector mode specific impulse comparison is presented in

Figure 38. The sea level static specific impulse decrease for Class 3 is due to

the combination of increased primary rocket flow, decreased fan pressure ratio,

and reduced inlet pressure recovery as discussed earlier. The increased airflow

schedule for Class 2 presented earlier (Figure 17) is a significant factor in the

specific impulse differences at the higher flight Mach numbers.

-5_-
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Figure 39 presents the supercharged ejector mode thrust comparison. Sea

level static thrust differences were discussed earlier with respect to the inlet

recovery and fan pressure ratio factors. With increasing flight speed, the

significance of fan pressure ratio decreases and that of airflow increases. Like

the specific impulse trend noted, the increased airflow for the Class 2 system

is the major factor for the thrust differences at the higher flight speeds.

Fan ramjet mode specific impulse and thrust comparisons are presented in

Figures 40 and 41, respectively. The variations and cross-over in specific

impulse at low flight speeds in Figure 40 are due to different degrees of after-

burning for maximum thrust in this mode at these conditions. For Class 2,

maximum thrust occurred at an equivalence ratio of O. 5 at sea level static and

at the stoichiometrlc level by 0.5 Mach number. Class 3 has lower fan pressure

ratio and inlet pressure recovery, and maximum thrust occurs at lower equivalence

ratios than for Class 2. Less thrust is obtained but at higher specific impulse.

Fan ramjet thrust differences in Figure 41 occur for the same reasons discussed

earlier for the supercharged ejector mode thrust, namely fan pressure ratio,

inlet recovery, and airflow schedule variations.

Subsonic combustion ramjet mode specific impulse and thrust comparisons are

presented in Figures 42 and 43. The lower Class 3 specific impulse reflects the

reduced inlet pressure recovery schedule. Thrust characteristics in Figure 43

are influenced by the inlet recovery and by the respective airflow schedules as

presented in Figure _. The increased airflow for Class 3 is due to a larger

exit nozzle maximum throat area than for Class 2. The maximum throat area for

Class 2 was 90 percent of the afterburner flow area and lO0 percent for Class 3.

The difference is due to Class 3 component performance effects on the exit

throat requirements of the supercharged ejector mode. Since the ramjet perform-

ance in the Mach 1.O to 3.0 range has been computed with the maximum exit throat

size limiting the engine airflow, Class 3 has increased airflow up to the inlet

limit at Mach 3.0. The varying effects of increased airflow but lower inlet

pressure recovery produces the thrust variation noted for Class 3 in Figure 43.
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A typical loiter condition (Mach 0.35 at 5000 ft) specific impulse comparison

is presented in Figure _5. Ehe higher specific impulse for Class 3 at zero after-

burner equivalence ratio is due to the effect of including the tip turbine exhaust

flow in the engine performance determination as discussed earlier. This is the

only operating mode where the effect is apparent. The increased airflow and

slight heat addition from mixing of the relatively hot turbine exhaust more than

counteracts the reduced fan pressure ratio and inlet recovery for Class 3. The

significance rapidly decreases with increased afterburning and/or with the rockets

operating. The Class 3 specific impulse line stopping at equivalence ratio of

0.6 reflects the maximum thrust afterburner equivalence ratio tradeoff discussed

earlier for the fan ramjet mode comparison. This is graphically shown in Figure

26 which presents the loiter thrust comparison as a function of equivalence ratio.
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B. am ( SK 2)

1. Cooling Analysis

Anal_tical Techniques - _le 8malytlcal model used in SERJ heat traasfer

ar_lysis consisted of a one-dlmensioz_l, steady-state, heat flow l_ttera with

hot gas convective heat transfer to the engine wall, conduction through the

wall, and convection from the cold side wall to the hydrogen coolant. .Radiation

from the hot gas to the engine walls was not considered. The effect of this is

to reduce the heat flux to the wall and the heat load to be absorbed by the

coolant. _le Bartz correlation was u_ed to calculate the hot gas convective

heat transfer coefficient. Recent opialom is that this correlation is conserva-

tive, particularly in high heat flux regions. This conservatism is somewhat

offset in the analysis by neglecting hot gas radiation to the wall.

The SERJ engine was divided into distinct surfaces, specifically the im/_t,

mlxer-dlffuser, ccmbustor, aft bell, centerbody, aft plug, inside ring, and

outside ring. A combination series and parallel Juxtaposition of these surfaces

comprises the entire engine and inlet heat transfer surface. Each individual

surface was divided into a finite number of nodal points, and a steady state

heat balance was made at each of these stations. The coolant heat input was

ccmputed with an average _ temperature and the surface area between stations.

Calculations were performed using the Msrquardt 4065 Regenerative Cooling

on an IBM 360 computing system. Hot gas thermodyasmlc properties were

c_nputed or obtained from applicable sources for input to the heat transfer

analysis. Engine mass flows and areas were based on the engine performance

analysis.

a. Mach 8 Pam4et Mode Condition

The Mach 8 flight condition at an altitude of 105,OOO ft on the reference

trajectory represents the critical condition in the cooling system design. An

inlet air total temperature of _838°R ccapledwith combustion and an internal pressure

of 150 psia imposed the maximum heat _ condition. Also, the nozzle throat

area is at a minimum giving rise to throat heat fluxes in excess of II Btu/in2-sec.

At the sea level static condition, the hot gas temperatures are comparable to
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those at Mach 8, however the low internal pressures and wide open nozzle throat

alleviate the local high flux areas.

Design limitations of a 2500°R hot side wall temperature and a 0.050 inch

minimum coolant passage height were used which are assumptions consistent with

work on the Mach 8 Hypersonic Ramjet Propulsion program at Marquardt. A maximum

passage height was not specified; however it was found that no advantage ex-

isted in allowing the passage height to exceed 0.50 inches. In the initial

analysis phase, the passage height was allowed to exceed the half inch height

in low flux areas with the hope of raising the operating wall temperatures and

decreasing the net heat flux to the wall, thereby reducing the coolant heat

pick-up. Analysis of c_nputer data indicated the reduction of coolant tempera-

ture rise was not enough to offset the increased weight penalty potential of

excessive passage heights.

_ae inlet hydrogen temperature to the cooling circuit was assumed to be

50°R which allows for pump and line temperature rises. As a first trial, an

inlet coolant pressure of 500 psia was selected, but at this pressure, _hoking

(sonic flow) developed in the coolant passages in the aft plug and nozzle ring

region of the engine. Sis problem was eliminated by increasing the coolant

inlet pressure to lO00 psia.

The initial cooling circuit was established by using the aft bell as a trial

surface. The aft bell surface was chosen because of anticipated high heat fluxes

(outer nozzle throat) and its large surface area as compared to the ring or aft

plug. Initially a range of coolant flow rates and inlet temperatures was consi-

dered, and it was found that an inlet coolant temperature range of 600-1000°R

resulted in acceptable passage heights for a 2500°R hot wall temperature and a

stoichiometric coolant flow rate. By using a double pass circuit on the aft

bell surface it was found that acceptable cooling could be achieved with only

half of the total coolant flow rate. This information led to the full defini-

tion of the initial coolant circuit as shown in Figure 47.
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The total coolant flow (stoichiometric) enters the inlet at the cowl lip.

The inlet surface forward of the cowl lip is assumed to be radiation cooled.

The coolaut passes through all inlet side plates, ramps, and the fan louvre

doors. At the primary rocket struts, the flow is split in half. One half of

the flow cools the mixer-diffuser, combustor, and aft-bell _hich is double

passed leading to the afterburner injector struts. The other half of the coolant

flows through the primary rocket struts, centerbody, and is double-passed through

the aft plug, outer ring, inner ring, leading to the afterburner injectors.

The hot side _ temperature distributions for the initial cooling circuit

are shown in Figures 48 through 50. Figure 48 illustrates the wall t_mperature

of the cooled portion of the inlet, indicating a maximum of 1800°R at the inlet

throat. Figure 49 presents hot wall temperature for the major portion of the

engine up to the variable exit nozzle. Nozzle wall temperatures are shown in

Figure 50. The limiting wall temperature of 2500°R could be achieved for all

but one of the nozzle surfaces, the aft plug. The use of a local application

of zlrconia-based cermet coating being investigated by Marquardt for similar

applications under Air Force Contract AF 33(615)-1467 reduced the nozzle wall

temperatures below 2500°R with a 3 rail thickness application.

Corresponding coolant temperatures for the Mach 8 initial cooling circuit

are presented in Figures 51 through 5_. Notice that half of the coolant is

injected into the combustor at 1560°R while the other half is injected at 2000°R.

SERJ coolant passage profiles for the initial cooling circuit are presented

in Figures 55 and 56. 0nly localized deviations from the nominal 0.50 inch

height are shown. Note that in Figure 55 the passage heights of each surface

are plotted relative to its own throat. The location of each of these throats

relative to the engine forward flange can be determined by referring to Figure

50.

The initial heat transfer study for the SERJ engine at the Mach 8 flight

condition was conducted prior to the structural analysis of the engine. Results

from the initial cooling circuit analysis were used as input information to the

structural evaluation. Preliminary results indicated that the critical tempera-

-8o-
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tures in the engine were not the hot wall tamperatures but the temperatures

of the backup structure taking the pressure loads. The backup structure is at

the coolant temperature for all practical purposes. In the initial cooling

circuit, the inlet was cooled first and the outlet coolant temperature (inlet

to the engine) was 900°R (Figure 51), precluding any use of aluminum backup

structure and any significant use of titanium also. This lead to the use of a

revised cooling circuit for SERJ at Mach 8 as shown in Figure 57.

In this circuit, the hydrogen coolant enters the engine at the forward

flange, is divided equally as before for the inner and outer sections of the

engine, and utilizes an identical double pass system for the nozzle as for the

initial circuit. However, after cooling the engine, the hydrogen is collected

from both the inner (through the fuel in_ector struts) and outer circuits, is

mixed To an av_m_e temperature and then ca_cted forward to the cowl lip station of

the inlet. After cooling the inlet, the hydrogen is again collected and piped

back to the afterburner fuel injectors for ramjet mode combustion.

The hat side wall temperatures for the engine up to the exit nozzle are

presented in Figure 58 for the revised circuit. The high initial wall tempera-

ture for the forward portion of the mixer is due to the cold inlet hydrogen

temperature (50°R) and the half inch passage height used for the heat transfer

data run. A minor reduction in l_ssage height, say to 0.40 inches, would re-

duce this local high temperature slgnificantly.

Nozzle wall temperatures for the revised circuit are presented in Figure

59. Note that all four of the nozzle throat surfaces can be kept at the maximum

allowable wall temperature of 2500°R without the use of ceramic coatings. This

is due to the more optimum coolant temperature for the nozzle with the revised

circuit.

Inlet hot side wall temperatures are presented in Figure 60 for the revised

cooling circuit. The majority of the inlet wall is at 1800°R (the maximum

inlet wall temperature of the initial circuit) with only a very localized climb

toward 2000°R at the downstream end of the inlet.

-90-
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Coolant temperature distributions for the revised circuit are presented in

Figures 61 through 6_. Note that with backup structure at the coolant tempera-

ture, a significant portion of the engine can utilize aluminum or titanium

materials. The maximum structural temperature for titanium is about 1000"R which

is not exceeded on the aft bell (Figure 62) or the aft plug and outside ring

(Figure 6B). The inside portion of the sliding ring (Figure 63) does exceed the

1000°R level. The final coolant temperature prior to injection for the revised

circuit is 1770°R (Figure 6_) which is essentially equal to the average final

coolant temperature for the initial circuit.

The engine coolant passage profiles for the revised cooling circuit are

presented in Figure 65. Again only localized deviations from the 0.50 inch

height occur and the passage profiles are similar to those of the initial

circuit. Coolant passage height for the inlet was a constant half inch with

the revised circuit.

b. Sea Level Static Supercharged Ejector Mode

The S_RJ cooling circuit and l_ssage height schedules defined at Mach 8 were

checked for compatability at sea level static with the supercharged ejector

mode of operation. As mentioned earlier, the hot gas temperatures in the com-

bustor are similar to those at Mach 8 but the lower internal pressures and open

exit nozzle throat position significantly reduce the heat flux. The hot side

wall temperatures for the engine and the nozzle are presented in Figure 66

and 67, respectively. The inlet is not cooled at this low speed condition. The

peak wall temperatures of the 1700 to 1800°R shown for a portion of the mixer

and the outer ring in the figures could be lowered easily with local passage

contouring if required.

As stated earlier, the initial hydrogen pressure for the SERJ cooling analysis

was 1OO0 psia, which was chosen after initial problems in a portion of the nozzle

due to sonic coolant velocities in the small passage height areas. Both the

initial and revised cooling circuits had only a nominal pressure drop in the

outer engine wall and inlet sections (25 psi or less) while the inner engine

section had over a 300 psi drop for the initial circuit. This was reduced to

80 psi for the revised circuit. Maximum coolant pressure drop at the sea level

static condition was lOO psi.
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2. Structural Analysis

a. Structural Sizing and Materials Selection

The Class 2 SERJ Engine layout (Figure 274, Reference l, Volume 3) was em-

ployed to initiate the structural analysis by way of establishing, or confirm-

ing specific approaches for mechanizing the design. Material selection was

only nominally considered until local engine temperatures were ascertained in

the cooling analysis covered in the previous section.

As an example of this preliminary work a check was made on the induced

thermal stresses of a simplified but representative double coaxial cylinder

with a Wastelloy-X inner liner and a titanium (Ti-6AI-4V) outer liner. The

Innerliner was assumed to be at 2,000°F and the outer liner an 700°F, as a

typical set of conditions. An internal cylinder pressure of 150 psi was

assumed and an internal Jacket pressure of 600 psi was assumed to exist bet-_een

the inner and outer liners. A reference radius for the cylindrical section

was 46 inches (mixer-full scale). A 0.5 inch gap between the liners was as-

sumed which is typical of the cooling Jacket height. This and similar checks

verified the approach of construction ultimately used, i.e. a bonded multiple

tube wall type assembly in which a separate outer brazed wire wrapping locally

applied to the tubes, carries the basic pressure loads of the engine duct.

As a gross check on lateral loading capability, the outer engine duct, sup-

ported from the designated fore and aft mounting support points was subjected

in analysis to a Bg lateral loading with an assumed anti-buckling ring frame

spacing of 20 inches. This check verified that local buckling would not occur

for this loading condition, provided rings were added to the nozzle exit bell

area (none were shown in the Class 2 design drawing).

With reference to Figure 61, following the specification of a back wall

temperature schedule yielded by the cooling analysis, a specific structural

concept was chosen:

Outer Ducting - Brazed "D-tube" assembly* of Wastelloy X material wrapped

with titanium wire adhesively bonded, and stiffened by titanium ring

stiffeners as required to resist local buckling.

*Experience with Eastelloy X hydrogen cooled brazed tube structures at The

Marquardt Corporation was reviewed in Reference l, Volume 3, Section 9.2.6



Centerbod_2 Plu_ and Ring - Brazed "D-tube" assembly of Hastelloy X material

adhesively bonded to an all 202_-T4 aluminum honeycomb with local aluminum

structural rings for distributing plug and actuator loads as shown in

Figure 68.

The engine internal lines were specified by the performance studies reported

in section IV-A, and will be discussed further below. Material properties

(strength, weight, ease of fabrlcation)were taken from conventional design

guides and suppliers handbooks and catalogs.

For the outer ducting the hoop tension and spacing in the wire wrapping for

the "D"-tube raised assembly was determined for the titanium wire. A wire

diameter of 1/8" was selected and a nominal 1.25 turns per inch was determined

as an applicable winding pitch. Six points along the engine were evaluated

in terms of local pressures, radii, and temperature conditions in order to as-

certain what the winding pitch schedule should be throughout the length of the

engine.

The main codling tube configuration was determined for the selected Hastel!oy-X

material at an effective, or mean hot _ temperature of 1550°F (typical condi-

tion in a one foot section near the throat at the design critical Mach 8 ramjet

condition), where a design yield tension stress level of 16,000 psi was picked

based on the stipulated cooling passage height ascertained in the previously

described cooling studies. Thbe outside diameters and the number of tubes were

determined for the entire outer duct of the engine. Figure 69 , Detail 1 ,

shows a typical tube section with wire wrapping. (See also Figure 70)

Eight anti-buckling ring frames were found to be adequate for stiffening

the outer ducting of the engine along with several intermediate fuel manifold

and load-bearing structural ring sections with a brazed-on terminating "C-clip"

section at the end of the exit bell tube bundle. All ring frame sections were

checked for hoop tension due to combined ducting thermal expansion and pressure

loads and also for buckling in the flange. Metal gauges and effective surface

areas were determined for weight estimation purposes. Figure 69 , Details 2

and 3 reflect the typical ring frame configuration and attachment method.
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The center'body and fixed plug section as well as the translating ring of

the exit nozzle assembly was comprised of brazed-together Eastelloy X regeme-

ratively cooled tubes applied to a relatively thick honeycomb backup structure

to resist buckling under lateral loading moments and possible compressive

loading. This is shown in Figure 69, Detail _.

The above structures were designed for full collapsing loading which would

occur at maximum design temperatures and engine internal pressures with zero

intern_l plug centerbody and ring pressures (i.e. vacuum ambient). Since it

appears feasible that full diffuser pressure, or nearly that (leakage) can be

maintained in these internal sections of the engine, the weights that were de-

termined for these assemblies are deemed conservative. Moreover, the stiffness

developed by the very significant honeycomb understructure (Figure 68) provides

for an extremely stiff overall structure capable of resisting moments due to

steady state l_teral acceleration or high dynamic loading.

The final detailed layout of the Class 3 Supercharged Ejector Ramjet engine

was partially revealed in Figure 70 . On this figure have been noted the

structural details which were shown in Figure 69. Dimensions, component call-

outs and the remaining views of the Class 3 SERJ engine will be presented below.

b. Weight Study

The component by component configuration specification described, yielded

input data for the weight study which is summarized in Table III. The following

summary comparison between the Class 2 and 3 versions of SERJ is of interest:

Class 2 Class

Overall Weight, Dry

Weight Increase, percent

(That)

Thrust/Welght Ratio

ii,940 laM L0,860 IBM

-- 7.7

(215,000 LBF) (203,000 LBF)

18.0 15.8

The noted weight increase is, of course, accompanied by a significantly

enhanced confidence level which in essence is the measure of the extension phase

structural design effort. A similar situation will be noted subsequently with

regard to the ScramLACE engine. Also a promising technological approach for
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TABLE III

CLASS 3 SERJ ENGINE WEIGHT STATEMENT

Fan Subsystem

Fan Assembly
Gas Generators

Frame and Trunnion Unit

Compartment Structure
Cover

Ac tuato r

Transition Section

Miscellaneous

Primary Rocket Subsystem

Rocket Chamber Assembly

Support Structure

Turbopumps
Gas Generator

Ducting and Valves

Starting System and Misc.

Mixer/Diffuser/Afterburner
Mixer

Diffuser

Fuel Injection Unit
Combustor

Forward Centerbody

Turbopump and Miscellaneous

Exit Nozzle Subsystem
Exit Bell

Translating Ring Assembly

Fixed Plug
Actuator Unit

Miscellaneous

Controls, Lines
Control Assemblies

Valves and Lines

258
ll20

326
651

i60

115

335
142

636

316
_7
79

2O6

55O

497
662

429

502

133

987
1080

8_9

75o
183

45
256

4107 lbm (1863 Kg )

(31.9%)

1808 lbm (820 Kg)
(12.1_)

2795 lbm (1268 Kg )

(21.7%)

38&9 lbm (1746 Kg)

(29.9%)

301 lbm (136 Kg)

(2.3_)

Total Weight, Dry

(Thrust = 203,000 ibf = 902,990 newtons)

Thrust/Weight, Uninstalled

12,86o Ibm (5833 Kg)

15.8 ibZ/_bm
(155 newtons/Kg)
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a marked weight reduction potential utilizing composite structural materials

will be cited. Use of these materials in both the ScramLACE and SERJ engines

offers an opportunity for significant weight reduction potential, (Appendix A).

3. Engine Design Layout

a. Layout and Discussion

Figure 71 presents the detailed layout drawing of the Class 3 Supercharged

Ejector Ramjet Engine. Basically it reflects internal configuration changes

(from the Class 2 layout) stemming frcm the considerably deepened performance

studies (Section IV-A) and the structural analysis Just summarized.

A significant departure from the previous version occurs in the primary

rocket subsystem. A two-rlng annular ccmbustion chamber was selected in lieu

of the single-rirg unit of the Class 2 design. The incentive for this was the

reduced mixer length and weight (ducting and centerbody) to be thus achieved.

_he new rocket configuration closely resembles the preliminary two-ring

ScramLACE unit described in Section 8.3.2 of Reference l, Volume 3- This de-

sign is graphically portrayed in Figures 2A1-2_7 of this reference. The Class

3 configuration carries with it, as should be noted, a nominal further technology

advancement implication than associated with the single ring approach. Throat

cooling tube diameter and materials selection must respond to a more critical

design condition. Also throat gap tolerance problems are somewhat aggravated.

Although the mixer and engine length reduction associated with the primary

rocket changes is the dominant factor, other factors involved primarily with

engine operation in the Supercharged Ejector Mode were instrumental in final

geometry selection. The most significant of these, as previously discussed in

Section IV-A-3, are:

1. Mixer divergence and diffuser geometry changes.

R. Consideration of actual fan tip turbine exhaust flow requirements.

3. Increase of nozzle throat area maximum opening from 90% (Class 2)

to 100% of the afterburner combustor area.
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b. Class 3/Class 2 Comparison

In general the Class 3 layout (Figure Vl) vis a' vis Class 2 reflects realis-

tic attention to detail, and a matching of structural items such as manifolds

with specific expressed engine operating features, e.g. the cooling circuits

described in Section IV-B-1.

Figure 72 overlays an outline of the Class 3 SERJ on the Class 2 reference

with overall dimensions provided. Again, the significant difference in such

a comparison is the length reduction accruing from the primary rocket change.

_e slightly larger exit diameter of the Class 3 engine (full open requirement)

is also apparent.

The engine weight comparison has already been presented.
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C. HIGH PRESSURE RATIO FAN INVESTIGATION (TASK 6)

A parametric study was made to determine the effect of fan pressure ratio

on the performance of the Supercharged Ejector Ramjet Engine (SERJ). Six fan

pressure ratios of 1.1, 1.5, 1.8, 2.2, 2.6, and 3.0 were evaluated. The Class 3

SERJ has a nominal pressure ratio of 1.3 (1.273 at SIS) and has been included

consistently for comparison. To maintain consistency with the Class 3 SERJ, the

inlet pressure recovery schedule of Figure ll was also used for all the fan engine

performance in this task.

1. Design Point Selection

General design point assumptions for the fan evaluation were that the engine

envelope (sans gas generator) and general configuration, e.g. tip turbine driven fan,

would be held invariant and that a constant total airflow processed by the fan plus

gas generator would be used for all designs. The 1.1 fan pressure ratio engine

proved to be an exception in that it had a reduced airflow due to mixer choking

problems. The primary rocket flow was varied so that all engines had a supercharged

ejector mode sea level static thrust of 203,000 pounds (Class 3 SERJ Reference).

Table IV presents additional design point assumptions used for the study.

The parameters of Table IV plus the constant total airflow assumption and the

assumption that all engines would have the tip turbine flow exhausting into the

mixer produced the bypass ratios (fan flow/gas generator flow) listed in the table.

Due to the fact that bypass ratio is an inverse function of fan pressure ratio, it

can be noticed from Table IV that as fan pressure ratio increases, the relative size

(to the fan) of the gas generator increases markedly over the range. Therefore, on

a flow basis, the gas generator changes from essentially an accessory sized device

at low fan pressure ratios to a dominant portion of the engine hardware makeup at

hig/_ fan pressure ratios. As noted in Table II, the gas generator turbine inlet

temperature was increased to 2760"R for the higher fan pressure ratios to obtain the

highest bypass ratio. Conversely, at the fan pressure ratio of 1.1, both the gas

generator turbine inlet and compression ratio were reduced to hold the bypass ratio

within reasonable bounds.

-ll_-
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' TABLE IV

FAN AND GAS GENERATOR DESIGN POINT DATA

Sea Level Static

Fan Pressure Ratio

F_n Efficiency,

Tip Turbine Efficiency, %

Bypass Ratio

Gas Generator Pressure Ratio

Gas Generator Turbine Inlet

Temperature, °R

Compressor Efficiency, %

Turbine Efficiency, %

Turbine Cooling, WaBL/W a

l.l 1.3 1.5 1.8 2.2 2.6 3.O

8_ 84 82 8_ 7O 7O 7O

85 85 85 85 85 85 85

14.0 9.6 5.8 3.25 1.41 0.790 0.227

7.0 13.0 13.0 13.0 13.0 13.0 13.0

2060 2560 2760 2760 2760 2760 2760

85 85 85 85 85 85 85

88 88 88 88 88 88 88

0.0 0.045 0.06 O.O6 O.O6 O.O6 O.O6

-]-15-



VAN N_If_ ¢ALIFOaN#A

ii

The significance of increasing the design turbine inlet temperature is shown

in Figures 73 and 74. By designing the higher fan pressure ratio engines at their

maximum turbine inlet temperature, the available gas generator compressor power to

the fan tip turbine decreases faster than if an increase in turbine inlet temperature

was allowed for increasing flight Mach number. Therefore, the fan pressure ratio

decreases at a faster rate with increasing flight Mach number for the 1.5 to 3.0

engines than the 1.1 and 1.3 (Figure 73). Also note in Figure 72 that the total

airflow for the higher design fan pressure ratio engines is lower at off-design

flight conditions than for the 1.3 engine. As mentioned before, the 1.1 engine

uniquely had a lower design airflow which is maintained for the off-design conditions.

2. Engine Performance

To obtain a fixed value take-off thrust (203,000 lbs) for the supercharged

ejector mode, the required rocket propellant flow decreases with increasing fan

pressure ratio; therefore, the specific impulse increases for the higher fan pressure

ratio as shown in Figure 75. However, .due to the lower rocket flow and lower total

airflow (off-design), the thrustdecreases with increasing fan pressure ratio as

shown in Figure 76. The thrust dip for the 1.3 engine at low flight Mach numbers

is caused by a required reduction in the afterburner equivalence ratio to alleviate

thermal choking of the afterburner in this local speed range.

A fan ramjet mode specific impulse comparison for the reference trajectory is

presented in Figure 77. A significant variation of specific impulse is shown for

the low flight speed range. The 1.1 and 1.3 engine specific impulse in the Mach

zero to 1.O regime is not shown in Figure 77 due to the sensitivity of thrust and

specific impulse to the degree of afterburning. The performance shown in the

figure is for stoichiometrlc afterburning.

Corresponding fan ramjet mode thrust is presented in Figure 78. Again,

there is a significant variation in performance with fan pressure ratio in the low

flight speed regime. The increased airflow for the 1.3 pressure ratio fan at the

higher flight speeds is reflected in the thrust for this engine. The additional

airflow more than counteracts the fan pressure ratio differences, even relative to

the 3.0 pressure ratio design.
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Figures 79 through 92 present a series of fan ramjet mode performance curves

for each of the various fan pressure ratio designs. The performance is for discrete

flight Mach numbers of zero, 0.2, and 0.6 and sea level altitude (low speed portion

of the Class 2 reference trajectory). Specific impulse and thrust are shown as a

function of afterburner equivalence ratio. The data were computed for use in the

mission performance evaluation of the engines and allow a low flight speed tradeoff

of thrust and specific impulse as a function of the degree of afterburning to

obtain the best effective impulse. A change in afterburner equivalence ratio may

cause little thrust change but a significant variation in specific impulse. This

is best illustrated by Figures 79 through 82 which present the performance for the

1.1 and 1.3 designs. Maximum thrust occurs at less than stolchiometric equivalence

ratios for the lower fan pressure ratios. At 1.5 fan pressure ratio and above,

the maximum thrust is obtained near or at stoichiometric afterburning.

A loiter specific impulse comparison for the fan engines is presented in

Figure 9B for a typical loiter condition of Mach O.B5 at 5000 ft. altitude. Perform-

ance Is presented as m function of afterburner equivalence ratio and a significant

range of performance is shown. Dry fan (zero afterburner equivalence ratio)

performance for the various engines is shown as points on the curve ordinate due

to the cross-over of most to the lines at low equivalence ratio. For example, the

B.O fan pressure ratio engine which has the highest specific impulse for most of

the equivalence ratio range 3 has the lowest dry fan performance. Since the only

propellant or fuel consumption for the dry fan condition is the gas generator fuel3

the specific impulse range reflects the variation in gas generator airflow and hence

fuel flow as a function of fan pressure ratio. The 3.0 fan has the largest gas

generator airflow (hence fuel flow), and the lowest dry fan specific impulse in spite

of a varying degree of thrust advantage over the lower pressure ratio fans.

The loiter thrust characteristics are presented in Figure 92. A significant

range of thrust is shown for the combined variation of fan pressure ratio and

afterburner equivalence ratio.
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3. Engine Weight

The engine weight estimates for the series of fan engines were made on a

straightforward scaling basis. The base engine weight reference was that determined

for the Class 3 SERJ. The fan and gas generator subsystem and the primary rocket

subsystem weights were subtracted to arrive at a weight for the basic engine shell

comprised of the mixer, afterburner, and variable exit nozzle assembly. Rocket

subsystem weights were scaled directly with the primary rocket flow variation for

the engine series.

The fan/gas generator subsystem was divided into the fan and gas generator

associated components. The gas generator weights were scaled directly with the gas

generator flow rates in a similar fashion to the rocket weights. Fan weight per

unit fan airflow was assumed to vary with fan pressure ratio. Weight/unit airflow

for the 2.6 pressure ratio fan was taken at twice the weight/unit airflow of the

1.3 fan with a linear variation for the 1.3 to 3.0 pressure ratio range based on

the 1.3 and 2.6 points. Both fan and gas generator weights for the 1.1 fan

pressure ratio engine were estimated separately based on data in Reference 6.

Figure 95 presents the percentage of the total airflow division between the

fan and gas generator as a function of fan pressure ratio. The decreasing fan

airflow percentage with increasing fan pressure ratio effectively counterbalanced

the increased fan weight/unit airflow schedule discussed above. This effect can be

seen in Figure 96 which presents a _Ight breakdown for the major engine components

as a function of fan pressure ratio.

The primary rocket subsystem weight has been included in the basic engine

weight area sho_-a in Figure 96 and causes the slight decrease in this weight with

increasing fan pressure ratio. The fan weight is essentially constant due to the

counterbalancing trends discussed above. Gas generator weight variation with fan

pressure ratio reflects the direct scaling per unit airflow and the percentage

airflow trend of Figure 95.

The sea level static thrust/weight ratio variation with fan pressure ratio

is presented in Figure 97. Thrust is for the supercharged ejector mode and is

constant at the 203,000 pounds. The thrust/weight curve is the invmrse of the weight

trend in Figure 96 and is obvlously significantly affected by the increasing gas

generator weight with increasing fan pressure ratio.
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V. SCRAMLACE ENGINE STUDIES

Reference is made to the statement of objectives for the four ScramLACE

engine study areas which appear earlier as Section II-C.

Of the four tasks associated with ScramLACE (vim. Tasks l, 2, 3, and 5)

this section commences with a discussion of performance analysis (V-A) in three

interlinked sections: (1) component characteristic evaluation and mapping, (2)

definition of a nominal engine control approach, (3) and overall engine perform-

ance studies whose results are reflected in engine thrust and specific impulse

maps.

Following the performance results, structures and cooling aspects of the

ScramLACE engine are described (V-B). A new weight statement for the engine is

presented based on the significant amount of detailing of structural concepts,

materials selection, fastening concepts, etc.

Combining the performance and structures study results, the Class 3 version

of the engine is reflected in a design layout. This version is then compared with

its Class 2 counterpart.

Results of one of the two special subsystem studies for ScramLACE, evaluation

of the fixed and (alternative) variable exit design approaches, are reported next

(V-C). Employment of the initial fixed exit ScramLACE vehicle performance results

in the selection of a fixed exit for the Class 3 engine is also briefly discussed.

The final section (V-D) reports on the recycle hydrogen mode avenue for

improving the low speed performance of the ScramLACE engine. Hydrogen recycle

operation is predicated on a subcooled hydrogen initial heat sink in the vehicle

fuel tank. As will be seen, a 50-50 liquld/solid slush form of hydrogen is used

as a reference for these studies. With the non-recycle ScramLACE, i.e. "standard",

engine as a point of departure three recycle versions are first selected, and

then analyzed in terms of performance and engine weight.

The mlsslon/vehlcle ramifications of the engine task results are given, as

for SERJ, in following Section VI.
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A. l)

This task involves determination of performance or efficiencies of various

engine components under off-deslgn conditions with consideration of component

matching within the engine. The same general approach has been used, and many

of the analysis methods are identical to those discussed for the SERJ engine

in Section IV. The major difference is the consideration of the air lique-

fylng heat exchanger subsystem for ScramLACE as opposed to the fan subsystem

for SERJ. An identical subtask structure of (1) Component Characteristic

Mapping, (2) Control Approach, and (3) Engine Performance Mapping was used.

i. Component Characteristic Mapping

a. Inlet

The basis for the ScramLACE inlet performance analysis is also that from

the Class 2 phase of the initial study, Reference I, Volume 3. The conceptual

inlet design of Figure 9 has also been used for ScramLACE. Figure 98 presents

the Mach zero to 3.0 capture area requirements for the ScramLACE engine. The

cross-hatched band indicates the range of airflow requirement for the ejector

mode. The "secondary air only" llne has been shown for reference only, and

the requirement has been included in the ejector mode. A fairly wide range

of inlet capture area variation exists at a given flight Mach number between

the ramjet mode and the upper boundary of the ejector mode. The moveable cowl

llp feature of the inlet design has again been utilized to obtain the range of

capture area variation required.

The objective of the ScramLACE inlet analysis was the same as for SERJ,

that is, to obtain the best inlet total pressure recovery at the desired

capture area. Best pressure recovery for ScramLACE was also found to occur

with two oblique shocks from the external ramps plus one internal oblique from

the cowl lip.

A summary of the various inlet losses and the overall inlet total pressure

recovery is presented in Table V. The recovery schedule is also plotted in

-i_5-
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Figure 99. The wide variation of capture area requirement resulted in a detec-

table but small difference In inlet pressure recovery in the Mach 1.4 to 2.8

flight speed range. Since the ejector and ramjet mode lines in Figure 99 repre-

sent the extreme case, an engine mode transition at Mach 2.0 would only yield

about a 2 percent change in inlet recovery due to the different mode requirements.

ScramLACE inlet contour changes for the ejector mode with flight Mach number

are presented in Figure lO0. The sea level static engine total airflow require-

ment and inlet size made it necessary to deflect the cowl llp as shown to mini-

mize sharp lip losses from flow separation. The lip would be raised rapidly to

the horizontal position with increasing subsonic flight speed and would be In

the horizontal in-line position at a typical lift-off speed. Two shaded lip

positions at Mach 1.5 reflect the band of inlet capture area for the ejector

mode. Subsonic combustion ramjet mode inlet contours are presented In Figure

lO1.

b. Heat Exchanger Subsystem

The air liquefaction heat exchanger design and off-design performance

characteristics used for the engine performance in the initial study, Reference

l, were based on prior air liquefaction engine design and performance study

programs as referenced. Heat exchanger characteristics for the Class 3 Scram-

LACE design were obtained from results of a concurrent study under the CY1966

Advance Ramjet Concepts Program conducted by Marquardt under Air Force Contract

AF 33(615)-3734. This study effort concentrated on RamLACE engine heat ex-

changer design and performance characteristics. A considerable amount of data

could be used directly for the Scrsm_ACE design, while other data were calcu-

lated using the new heat exchanger design and performance computer program

from the Air Force sponsored effort.

The off-deslgn performance characteristics of the Class 3 ScramLACE heat

exchanger are presented in Figure 102. The equivalence ratio lines represent

the required heat exchanger equivalence ratio to liquefy the design sea level

static liquefied airflow rate at the indicated flight condition. Class 3

ScrsmLACE inlet pressure recovery (Figure 99) was used in the heat exchanger

performance determination.

-148-
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As shown in Figure 102, the design airflow can be obtained at decreasing

equivalence ratio with increasing flight speed at a constant altitude. An

increasing amount of liquefied air could be obtained with increasing flight

speed at constant altitude if the equivalence ratio was held fixed. Howeverj

the constant airflow schedule was required to match the invariant primary rocket

flow of the ejector mode for ScramLACE. At constant flight Mach number, the

required equivalence ratio for constant liquefied airflow increases with alti-

tude and at the lower flight Mach numbers, increases asymptotically above a

given altitude. For example, at Mach 1.2, the 9 and lO equivalence ratio lines

converge, or stated differently, increasing the equivalence ratio (liquefying

hydrogen flow) from 9 to lO would not allow the constant airflow rate to be

obtained at a higher altitude.

The asymptotic increase in the heat exchanger equivalence ratio can perhaps

be better seen in Figure i03 which is Figure 102 crossplotted with lines of

constant altitude. It can be noted from Figure 102 that the altitude limit

can be approached along a constant Mach number line (increasing altitude ) or a

constant altitude line (decreasing Mach number) Figure 103 illustrates the

constant altitude case. The lower flight speed altitude lines are approaching

the vertical at an equivalence ratio of 9 and the higher speed altitude lines

at an equivalence ratio of i0. These two equivalence ratios were taken as

maximum equivalence ratios for the respective speed range and altitude combi-

nations indicated in Figure 103.

Referring to Figure 102, there is still a band of flight conditions between

the upper equivalence ratio (9-10) line and the lO psia inlet total pressure

llne shown. The l0 psla line was used as an upper altitude boundary for the

Class 3 ScramLACE ejector mode performance.

Figure lOb illustrates the heat exchanger characteristics for the upper

altitude band of flight conditions. Percent airflow is shown as a function

of Mach number for lines of constant altitude. The intersection of a constant

altitude llne and the lO0 percent airflow level represents the respective

altitude point along the lower edge u_ the fllght condition band (maximum equlva-

-153-
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lence ratio of 9 or I0). Going into the flight condition band with decreasing

flight speed at constant altitude results in a reduced liquefied airflow rate

as shown in Figure 102. Hence, engine operation in the area will result in

reduced liquefied airflow and hence reduced primary rocket chamber pressure.

Class 3 ScramLACE with a design chamber pressure of i000 psia therefore had a

varying rocket chamber pressure of 760 to 850 psia along the I0 psia inlet

total pressure limit of Figure 102.

The heat exchanger subsystem is not the unique overall airflow specifier

for ScramLACE as the fan subsystem was for SERJ. With SERJ, the fan/gas gene-

rator match controlled and specified airflow to both components. For Scram-

LACE' the heat exchanger subsystem has airflow requirements and limitations

peculiar to itself and hence specifies the liquefied air oxidizer flow to the

primary rocket.

Ho_ever, the primary rocket flow does not directly control the secondary

airflow into the mixer. If the mixer exit was allowed to be at sonic velocity

or choked, this would be a control point for the engine and the secondary air-

flow would be affected by primary rocket operation. However, the engine exit

nozzle is a choked control point and an intermediate sonic point between the

engine exit and inlet would eliminate the exit nozzle "communication" with the

inlet. A sonic mixer exit would also result In excessive mixer-afterburner

diffuser pressure losses. Hence, the use of a sonic mixer exit condition was

not selected as a basic engine design characteristic.

Rather a constant mixer inlet Mach number was selected as the secondary

airflow control parameter. The inlet then is scheduled with flight Mach num-

ber to provide the correct amount of secondary airflow plus the heat exchanger

airflow. The engine exit Is set to pass the total mass and varied slightly to

adjust for variations in component performance such as mixing efficiency or

afterburner combustion efficiency. The preceding statement refers to the

initial Class 3 ScramLACE with a variable geometry exit nozzle. The final

Class 3 engine had a fixed geometry exlt and engine control approaches for

this design will be discussed In the engine performance section (see section 3,

pages 162-166).
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The heat exchanger subsystem specified all the fuel to the ScramLACE engine

during ejector mode operation including fuel to the turbopump drive gas gene-

rators. This is due to the very fuel-rich heat exchanger liquefaction require-

ments and the fact that this amount of hydrogen cannot be /tully utilized (i.e.

stolchiometric burning) in the cycle for a practicable engine design. Recycle

operation, to be discussed, is an approach to "leaning out the cycle", and

increasing specific impulse markedly.

The Class 3 ScramLACE has a design secondary air to primary rocket flow

ratio of 1.50. This results in a fuel-rich afterburner with a heat exchanger

equivalence ratio of 8. All hydrogen over the stolchiometric amount for the

primary rocket is injected into the afterburner. The intrinsic excessive amount

of fuel in the cycle dictates that any hydrogen flowing to the engine, for any

purpose whatsoever, should initially pass through the heat exchanger for air

liquefaction purpose s.

c. Exit Nozzle

Only a limited analysis was conducted for the ScrsmLACE exit nozzle in terms

of nozzle efficiency considerations. The exit nozzle analysis for SERJ indi-

cated that a conventional nozzle contour with a limited required amount of throat

or nozzle area ratio variation would have a reasonably high level of nozzle

efficiency. The range of nozzle pressure ratios and area ratios were very

similar for both _ and ScramLACE in the Mach zero to 3.0 flight speed regime

of the present study. Both the initial variable geometry exit nozzle (two-

dimensional ramp - see Section V-C) and the final fixed exit design for the

Class 3 ScrsmLACE engine have conventional nozzle contours. Hence, a constant

nozzle efficiency of 0.98 (stream thrust basis) was selected for the Class 3

performance computations. This efficiency level is identical to that used for all

Class 2 ScramLACE performance.

d. Other Components

The "other" components for ScrsmLACE are the same as for HEP_T, namely the

primary rocket and turbopump subsystem, the mixer, and the afterburner. The

respective component parameters or efficie_cles, again, are the combustion and

1



nozzle efficiencies for the rocket combustor/nozzle assemblies, the gas genera-

tor propellant flow as related to the overall propellant pumpedfor the turbo-

pump, mixing efficiency, and afterburner combustion efficiency.

The rationale developed in the SERJdiscussion for these components (Section

IV-A-l-d) applies equally as well to ScramLACE. The only commentthat might be

added is that Reference 14 published tests results for fuel-rlch, hydrogen-alr

Liquid Air Cycle Engine combustor tests indicated combustion efficiencies in

the 96 to lO0 percent range.

Therefore the Class 3 ScramLACEcomponentefflciencies were selected identi-

cal to those used for the Class 2 performance analysis. These were as follows:

Primary Rocket

Combustion (C*) efficiency 0.975
Nozzle efficiency (thrust) 0.98

Mixing efficiency - 0.80

Afterburner combustion efficiency 0.95

2. Control Approach

Control of the ScramLACE engine involves the use of several control loops

which are required to perform specific functions during a given engine opera-

ting mode. In the preliminary control system synthesis, shown in block dia-

gram form (Figure 105), control of three primary modes of operation plus two

secondary modes associated with extra-atmospherlc and entry maneuvers were

considered. These modes are:

a. Ejector

b. Ramjet (subsonic combustion)

c. SCRAMJET (supersonic combustion)

d. Rocket Vacuum

e. Entry

(In the discussion below it should be noted that Items c-e were not within

the scope of the Extension Phase Study. Nevertheless, these modes are included

in this comprehensive, albeit preliminary, synthesis of the overall engine con-

trol system. Also, the synthesis is predicated on a variable geometry exit nozzle

as initially considered for the Class 3 ScramLACE. Subsequently the design was

established with a fixed exit. )
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The ejector mode is operative from startup to approximately Mach 2 or slightly

higher. During this mode, active control of the air liquefaction equipment,

rocket engine feed, inlet geometry and exit nozzle are required. The ramjet mode

combustor fuel flow is controlled, usually at a stoichiometric setting. Both inlet

and exit variable geometry is exercised to peak performance in the Mach 1-6 speed

range. For the SCRAMJET modes, approximately Mach 6 flight speeds and greater,

combustor fuel flow is modulated while the inlet geometry and exit nozzle are

maintained at fixed (full open) positions. For the rocket vacuum mode, only the

rocket feed system is activated, while all other loops are inactive or maintained

in fixed position control. As an example_ the inlet lip could remain closed for

the rocket and entry modes.

Five basic control loops are required to control the ScramLACE powerplant.

The se are :

a. Inlet geometry control

b. Liquid air sump level control

c. Primary rocket feed control

d. RamJet/SCRAMJET fuel control

e. Exit nozzle control

Automatic and/or manual input to the mode selector activates the proper

control loops as required for each mode of operation. A description of the

operation of the various loops follows (Reference Figure 105):

a. Inlet Control

The inlet geometry control loop is a closed loop control with position

feedback. Inlet position is scheduled as a function of Mach number and alti-

tude for ramjet and supersonic flight speed ejector mode operation. The inlet

is maintained full open for subsonic ejector and SCRAMJET modes and full closed

for rocket vacuum and entry modes. (See Section V-A-l-a)

b. Liquid Air Sump Control

The liquid air level (condenser sump) control, used only in the ejector

mode, is a closed loop system which controls primary rocket turbopump speed to

maintain a prescribed liquefied air sump level. Upon initiation command, opera-
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tion of the gas generator driven turbopump is initiated by the self starting

loop; the diffuser air duct door to the heat exchanger is opened; and fuel flows

to the heat exchanger. After startup of the liquefaction process the measured

sump level is compared with the reference level. The thus-generated error

modulates turbopump speed, regulating fuel flow, and thus the rate of liquid

air condensation. The loop adjusts the air condensation rate until the error

in sump level is nulled. After this portion of the fuel passes through the

heat exchanger, it is routed to the afterburner. When the liquid air level

control loop is inactivated at ejector mode phase out, the air duct door from
|

the difi_Aser is closed. The thermal environment within the air liquefaction

equipment is thereby isolated from subsequent high rmm recovery temperatures.

c. Primary Rocket Control

The primary rocket feed system is an open loop control (i.e. orifice con-

trolled) in which the fuel and oxidizer are supplied to the primary rockets

in a stoichiometric ratloby the paralleled turbopumps. Scheduled or manual

inputs position the gas generator valves to regulate turbopump speed. This

loop is operative during ejector and rocket vacuum modes and is shut off

during all other modes. In the ejector mode, the rocket fuel is also routed

through the heat exchanger to aid air condensation prior to being diverted to

the primary rockets; the oxidizer used, of course, is liquid air. For the

rocket vacuum mode the fuel is diverted directly to the primary rockets and

stored liquid oxygen is the oxidizer. Upon command from the mode selector,

turbopump operation is initiated by the self starting loop (gas blowdown tur-

bine spin-up) and the downstream fuel and oxidizer flows are directed into the

primary combustor •

d. RamJet/SCRAMJET Fuel Control

The fuel control system is operative only during rsmJet and SCRAMJET modes.

Loop operation for either mode is conceptually the same, except that in the

ramjet mode, fuel is diverted to either the aft or forward injector station*

*See the discussion of phasing of burning in the ramjet mode in the Class 2

fixed exit engine in Section V-C to follow.
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i

while in the SCRAMJET mode, the forward injector station, i.e. rocket primary

section, is used. The fuel control loop compares measured fuel flow with the

command fuel flow which is computed from the sensed duct air flow for stoichio-

metric combustion. Error in fuel flow controls the turbopump speed which is

driven to correct fuel flow to the combustor.

e. Exit Nozzle Control (Variable Exit Design)

Exit nozzle position is scheduled as a function of Mach number and alti-

tude during the subsonic flight speed ejector mode. For the supersonic flight

speed regime ejector and ramjet modes, the exit nozzle is modulated to control

inlet shock position. In the SCP_Y_TET mode the exit nozzle is maintained at a

predetermined wide-open position. For the rocket vacuum and entry modes, it is

also maintained in the full open position. Two closed loop. controls using a

common servo actuator are utilized for the described modes. Error signals are

generated to drive the servo actuators until errors are hulled. In scheduled

or position control, the actuator position is sensed and compared with refer-

ence signals. For shock position control, shock position is sensed and com-

pared with the reference signal to generate the error signal. Buzz and unstart

overrides are added should these undesirable conditions be anticipated. Another

override is added in the event that the exit nozzle correction be insufficient

to control shock position. In this case, a signal from the position limit

sensor will override inlet geometry controls and initiate corrective actions.

It should be stated that the control system described herein is quite pre-

liminary and is shown in a "first tier" block diagrsm form (Figure 105). Con-

siderable further work would be required to study control parameters, control

functions, switching transients and system dynamics to determine that the des-

cribed control system is, in fact, adequate to control this powerplant.

3. Engine Performance Maw_Ing

a. Class 3 Performance

Engine performance for the Class 3 ScramLACE was obtained using the same

engine performance computer program as used for SERJ (Section IV-A-B). The

program has a variety of options for cycle and propellants as discussed in

Appendix B of Reference 1.
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The Class 3 ScramLACE inlet total pressure recovery schedule, heat exchanger

performance characteristics, and other components efficiencies presented earlier

(Section l, above) were used for the Class 3 ScramLACE performance computations.

The mixer-afterburner diffuser efficiency and efficiency level of 0.90 discussed

for SERJ was also used for ScramLACE.

The diffuser efficiency effect on the sea level static SeramLACE design

point performance was only about a 3 percent reduction in thrust and specific

impulse relative to Class 2. The primary rocket flow again was increased

slightly to match the Class 2 thrust level prior to inclusion of Class 3 com-

ponent performance characteristics. With the increased primary flow to yield

the Class 2 sea level static thrust of 173,000 pounds# the specific impulse

decreased an additional 2 to 3 percent to 1280 seconds versus 13_ for Class 2.

Class 3 sea level static inlet pressure recovery of 0.97 affected the heat

exchanger performance and required a slight increase in heat exchanger equiva-

lence ratio over the Class 2 design value of 8.0. This resulted in additional

excess hydrogen in the afterburner and partially counterbalanced the inlet

pressure recovery effect on secondary air. The resulting Class 3 ScramLACE

sea level static thrust and specific impulse were 171,O00 pounds and 12_0

seconds, respectively. This compares to the 173,000 pounds and 13_d_ seconds

rating for Class 2.

Class 3 ScramLACE ejector mode specific impulse and thrust maps are pre-

sented in Figures 106 and 107, respectively. The performance shown is for the

final fixed geometry exit design. Inlet-exit matching control was achieved

for the ejector mode using two different techniques. For the high Mach number-

low altitude side of the flight condition envelope, variation of the afterburner

equivalence ratio was a satisfactory control. The equivalence ratio was varied

from the normal fuel-rich level down to and slightly below stoichiometric.

Excess hydrogen over the desired amount was expanded through a separate expan-

sion nozzle and contributed slightly to the engine thrust. The hydrogen to

the afterburner is at high pressure, 1200 to 1300 psia, and has increased

slightly in temperature to about 250°R through use in the air liquefaction

proce ss.
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For the high altitude-low flight Mach number side of the operating envelope,

the use of afterburner fuel control was not satisfactory and a slight amount of

primary rocket flow throttling had to be employed for inlet-exit matching.

Class 3 ScramLACE ejector mode total airflow requirements (secondary plus

heat exchanger) are presented in Figure 108. The corresponding inlet capture

area variation is presented in Figure 109. The spread in capture area with

altitude for a given flight velocity is due to the constant or near constant

liquefied airflow requirement for the primary rocket. At a given flight velo-

city, a higher altitude requires a larger capture area for the constant air-

flow and conversely, a smaller capture area at a lower altitude. Hence, the

heat exchanger air capture area requirements result in a range of values to be

added to the secondary air requirement for the total inlet capture area

associated with the ejector mode.

Class 3 ScramLACE subsonic combustion ramjet mode specific impulse and

thrust are presented in Figures liO and ill, respectively. Again, theper-

formance shown is for the final fixed exit engine design. The inlet-exit

matching was achieved by a slight reduction in scheduled airflow for the ram-

jet mode in the Mach 1.0 to 3.0 flight speed regime. Ramjet mode performance

in this Mach number range was computed for Class 2 with the maximum exit

throat area controlling the engine airflow. For Class 2, the maximum exit

throat area was lO0 percent of the afterburner flow area. For Class 3, the

fixed exit area was 86 percent of the afterburner flow area, the requirement

for the sea level static design point in the ejector mode.

The Class 3 ScramLACE subsonic combustion ramjet performance shown in

Figures LI0 and lll covers the flight speed range from Mach 1.0 to 6.0. The

extension of the performance data beyond the specific Mach 3.0 limit for the sub-

system matching task was done to reflect the effects of the significant engine

design or performance changes for Class 3 relative to Class 2 over the appropriate

flight speed range. Two items affect the Class 3 ramjet performance, the reduced

inlet pressure recovery and the fixed exit. The reduced inlet recovery for the

Class 3 ScramLACE was again estimated to coincide with the Class 2 schedule in

the Mach 4.5-5.0 range. Inlet-exit matching for the Mach 3.0 to 6.0 range for

- 166-
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the fixed exit Class 3 engine was achieved by a combination of increasing super-
critical inlet operation and a combustion station shift from the afterburner to

the mixer (supersonic combustion ramjet combustor). The matching techniques

evolved from and are discussed in the following Exit Nozzle Study (Task 3)_

Section C-2.

Supersonic combustion ramjet performance for the Class 3 ScramLACE in the

Mach 6.0 to 12.0 speed range was not reevaluated in the present study and can be

obtained from Reference l, Volume 7. Changes in component characteristics for

Class 3 ScramLACE relative to Class 2 resulting from the subsystem matching

analysis in the Mach zero to 3.0 range do not affect the supersonic combustion

mode performance. The fixed exit for the subsonic combustion modes of the Class

3 ScramLACE represents a 15 percent area change in a portion of the supersonic

exit nozzle for the supersonic combustion mode. Proper contouring of the fixed

exit constriction for the supersonic combustion mode should minimize any effect.

The inlet capture area schedule for the Class 3 ScramLACE subsonic combustion

ramjet mode is presented in Figure 112. The schedule includes the reduced airflow

requirement used for inlet-exit matching in the Mach 1.0 to 3.0 flight speed

regime.

b. Class 3/Class 2 Comparison

The comparisons of ejector mode specific impulse and thrust for the Class

2 reference trajectory are presented in Figures ll3 and ll4, respectively. The

Class 3 performance for both specific impulse and thrust reflects primarily the

reduced inlet total pressure recovery schedule and a slightly reduced airflow

for Class 3. With reference to the discussion above, the Class 2 reference

trajectory was completely in the afterburner fuel control portion of the

ejector mode flight envelope. Variation of the afterburner equivalence ratio

for inlet matching did not significantly affect performance due to the thrust

contribution of the bypassed fuel.
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A subsonic combustion ramjet mode specific impulse comparison is presented

in Figure ll5 and reflects primarily the reduced inlet recovery schedule for

Class 3. The thrust comparison for this mode in Figure i16 illustrates both

the inlet recovery and reduced ramjet airflow for Class 3. The airflow com-

parison is presented in Figure ll7. As stated earlier, the ramjet airflow

was scheduled by the inlet to match the fixed exit requirements. Airflow

differences for the ejector mode in the higher flight speed range are due to

inlet pressure recovery effects on secondary airflow. The corresponding inlet

capture area comparisons are presented in Figure 118 and reflect the airflow

schedule differences.
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B. STRUCEW/RES AND COOLING ANALYSIS

i. Coolin_ Analysis

Anal_tical Techniques - The heat transfer model for the ScramLACE engine was

essentially the same as that for the SERJ engine; the major difference being the

manner in which the hot gas convection coefficient was calculated for the Mach i2

supersonic combustion ramjet mode. A correlation was used based on a flat-plate

turbulent boundary layer analysis, with numerical constants based on supersonic

internal flow experimental data performed in the Cornell Aeronautical Laboratory,

(Reference: "Turbulent Boundary Layers on Highly Cooled Surfaces at High Mach

Numbers", Report CAL-1181 November 1961). These coefficient were hand calculated

and found to be imdependent of the hot wall temperature and could therefore be

used as an input to the Marquardt 4065 RegeneratSve Cooling Program. For the

Mach 6 subsonic combustion ramjet mode and sea level static condition, the

previously mentioned (Section IV-B-l) Bartz correlation was used to calculate the

hot gas convective film coefficient.

Passage height geometry limits were assumed to be 0.050 inches as a minimum

(fabrication feasibility consideration) and 0.500 inches as the maximum. A

hydrogen coolant inlet temperature of 50"R and a coolant inlet pressure of 500

psia were used in the analysis. Initially a 2500°R maximum hot wall temperature

was assumed, although the ensuing analysis indicated that this figure could be

reduced considerably.

Three flight conditions were considered in the establishment of the cooling

system design. These were (1) Mach ]2 supersonic combustion mode at 130,000 feet,

(2) Mach 6 subsonic combustion mode at 85_000 feet, and (3) sea level static

ejector mode.

A schematic of the cooling circuit is shown in Figure ll9. The stoichiometric

coolant flow enters the circuit at the primary rocket station, cools the mixer,

combustor, and exit_ is returned to the inlet cowl lip and cools the inlet. The

entire circuit is a single pass design.

Figure 120 presents the coolant passage height profile for the ScramLACE

engine and inlet. Essentially this profile represents a superposition of the

minimum passage heights required for both the Mach 12 and Mach 6 flight conditions.
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A reduction of the passage height from the nominal 0.50 inches to 0.165 inches

in the inlet is required to counteract the increasing coolant temperature in the

final portion of the cooling circuit. A further reduction to 0.068 inches in

the combustor is required to maintain a wall temperature of 2000°R in a maximum

heat flux area of 2.4 Btu/in2-sec. A passage height of 0.205 inches is needed at

the station 290 inches from the cowl lip because of the exit nozzle contraction

(nozzle throat) at the Mach 6 subsonic combustion condition.

Figure 121 illustrates the ScramLACE hot side wall temperature distribution

for the Mach Lo superscnic combustion ramjet mode, using the passage heights

presented in Figure 120. Note a maximum temperature of 1900°R occurs in the inlet,

and a maximum temperature of 2000°R occurs in the combustor. The dip to 1375"R

in the exit is a result of the reduction of passage heights in the exit nozzle

throat region required for the Mach 6 case. The Mach 32 coolant temperature rise

is presented in Figure 12Z Final coolant temperature prior to fuel injection is

1730°R.

The Scra_CE engine hot side wall temperature distributions for the Mach 6

subsonic .combustion and sea level static ejector mode conditions are presented

in Figure 123. The maximum wall temperature in the exit throat region for the

Mach 6 condition is 1700°R and the forward section of the engine is relatively

cold, 500 to lO00°R. Wall temperatures for the sea level static condition reflect

the relatively low gas temperature of the fuel-rich afterburner during the ejector

mode, as well as a generally less severe heat transfer condition. Coolant tempera-

ture rises for the Mach 6 and sea level static conditions are presented in Figure

32h. The overall temperature increase is small for both cases.

The inlet portion of the Scram_ACE engine is not cooled at the sea level

static condition and was not analyzed at the Mach 6 condition due to the adequate

prior inlet cooling analysis for SEBJ (Section IV-B-l-a). The SERJ inlet was

satisfactorily cooled at the Mach 8 flight condition, a significantly more severe

condition than the Mach 6 point in question here.
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2. Structural Analysis

a. Structural Sizing and Materials Selection

Similar to the SERJ analysis (Section IV-B-2), the preliminary design studies

of the Class 3 ScramLACE engine pivoted from the Class 2 engine layout, Reference

l, Volume 3, (Figure 276). As for Class 2, the Class 3 ScramLACE engine was

specified to be basically rectangular in cross section with no centerbody or plug

arrangement and, in addition, was revised to a fixed exit configuration.

Figure 125 presents the basic engine pressure vessel structure, which,

although not the final configuration, reflects the basic structural approach.

This comprises a regeneratively cooled duct liner backed by a flat honeycomb panel

surface, supported at close intervals by honeycomb I-beam section rectangular

"rings". A typical I-beam section used for carrying the basic hoop-load of the

engine and for support against local panel buckling is reflected in Figure 125.

The final version of the Class 3 engine is presented in side and top views in

Figure 126, which calls out certain structural details to be discussed.

The cooling analysis described above revealed that the basic approach used for

SERJ would also satisfy the ScrmnLACE requirement, i.e., Hastelloy X, D-shaped

cooling channels. Instead of a tube-bundle type structure, as for SERJ,

an open channel-to-sheet configuration was settled upon as being better suited,

from a fabrication standpoint, for the panel-assembly type of structure used in

this engine. The configuration is shown in a section detail (Detail 2) in Figure

127.

The Eastelloy X channel-on-plate regeneratlvely cooled panels are adhesively

bonded to 5AI-2.SSn titanium honeycomb sheets supported by the honeycomb !-beam

sections of the same material. Titanium forging corner pieces run the length of

the engine and are fastened to the panels by means of Rene 41 high strength bolts.

The assembly is depicted in Figure 128, representing Detail i on Figure 126.

The rectangular I-beam section "rings" are made up of titanium sheet material

flange members and an adhesively bonded titanium face and core honeycomb web

member. This is shown for a typical section in Detail 3 of Figure 127.
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In the hotter afterburner and exit nozzle section of the engine, Rene 41 was

substituted for 5Ai-2.SSn titanium in both the honeycomb and plate structure.

Brazing is employed for backface bonding instead of a polylmide heat cured

adhesive used with the titanium sections.

The air liquefaction heat exchanger unit outer pressure shell was also

structurally analyzed. Four inch thick 2219-T89 aluminum honeycomb with a 4.4

ib/ft 3 density and 22!9-T89 aluminum face plates were used throughout. It was

determined that internal webbing or equivalent discrete tie members would be

required to withstand the full diffuser pressure design load (i00 psi). However,

this internal tie structure was not detailed.

b. Weight Study

The component structural studies provided the basis for the weight statement

of the Class 3 ScramLACE engine (Table VI).

are compared below:

Overall Weight, dry, lbm

Weight Increase, percent

(Thrust, ibf)

Thrust/Weight Ratio

The Class 2 and 3 system weights

Class 2 Class

i0,452 12,247

- 19.8

(173,ooo) (171,ooo)

16.5 13.7

As indicated for SERJ, the Class B ScramLACE weight values are stated on the

basis of a significantly higher confidence level than for the Class 2 version.

At this point it is well to note that this rectangular, or two-dimensional type

engine has been designed to be structurally self-sufficient under all flight

operating conditions imposed by the mission profile, as well as assumed necessary

test stand operation. It is generally recognized that such flat panel configura-

tions profit markedly from close physical integration with the vehicle. Directly

distributed load transmission and pressure balancing between the vehicle structure,

and from one engine to another in the instance of side-by-side installations, will

yield a significant weight reduction. The Class 3 ScramLACE system is no excep-

tion to this situation and an increase of several points in thrust/weight ratio

is estimated as a payoff from careful, complete engine/vehicle structural

integration.
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TABLE VI

CLASS 3 SCRAMLACE ENGINE WEIGHT STA_

Air Liquefaction Subsystem
Precooler Core

Condenser Core

Forward Shell

Center Shell

Aft Shell

Sump
Boost Pump, Ducting

Catalyst (para/ortho)
Closure and Transition

Primary Rocket Subsystem

Rocket Chamber Assembly

Support Structure

Turbopumps
Gas Generator Unit

Ducking and Valves

Starting System

695
211

_46
852
243
100

307

893

530

588
1206

284
i_9
76
148

Mixer/Diffuser/Afterb/rner Subsystem
Mixer 2020

Diffuser 1300

Fuel Injection Unit 460
Combustion Chamber & Exit Nozzle 818

Afterburner Turbopump 165

Secondary Support Structure 431
Miscellaneous 260

Controls, Lines
Control Assemblies 80

Valves and Lines 185

Total Weight, Dry

(Thrust = 171,000 lbf = 760,650 newtons)

Thrust/Weight, Uninstalled

4277 lbm

(34.4_)
(zg_oKg)

2451 lbm

(19.7_)
(u__ _)

(2474 Kg)

265 lbm

C2.S)

L°,447 ibm

(_o _)

(56_6 F_)

13.7 lbf/lbm
(135 ne_ons/Kg)
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In response to the 20 percent weight increase noted for the engine, and in

view of the emerging technology of advanced high temperature composite structural

materials such as boron filament reinforced aluminum and silicon fiber reinforced

titanium, Marquardt made a cursory post-analysis investigation of the potential

significance of this new class of high strength�weight, high stiffness stz-_ctural

materials. It appears entirely feasible, based on this brief investigation, that

full straightforward usage of composite structures in an engine of the ScrsmIACE

type could yield weight reductions upwards of 20 percent from the conventionally

designed engine represented in the Class 3 version. The introductory discussion

of Appendix A is a product of this effort and is presented in this report to

substantiate this very significant weight reduction potential in a preliminary

manne r.

3. Engine Design Layout

a. Layout and Discussion

The overall layout drawing of the Class 3 ScramLACE engine is presented in

Figure 129. The performance study results (internal flow areas) described in

Section V-A-3 dictated the internal engine lines, whereas the structural study

just described yielded the external envelope. The latter, quite clearly, is a

ramification of the web-heights necessary in the rectangular channel members.

b. Class 3/Class 2 Comparison (Reference Figure 130)

In comparison with the Class 2 design layout (Reference l, Volume 3, Figure

276) two major differences stand out:

(1) Fixed convergent/divergent exit nozzle in lieu of the vertical

moving panel variable geometry exit features in the Class 2

design.

(2_ Differences in air liquefaction heat exchar_er size, namely an

increased precooler volume and a decreased condenser volume.

(Weights were less affected than might be presumed; compare

Table VI with Table XLIX of Reference l, Volume 3).

Figure 130 contrasts the external side view appearance of the two engines

directly. Again, the greatly increased "virtual wall thickness" (i.e., rectangular

l-beam member heights) of the Class 3 design is evidenced. It should be restated

that the use of composite material and close physical integration with the vehicle

structure could significantly alter this external configuration, in addition to

markedly increasing engine thrust/weight ratio.
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c. EXI  OZZU STUDY (T_ SK3)

i. Variable Geometr[ Exit

_he objective of this task was to select a variable geometry exit nozzle

design for the Class 3 ScramLACE engine. The approach for the exit nozzle

selection was to compare candidate designs on a nominal evaluation basis consider-

ing such items as applicability of the designs to the rectangular ScramLACE after-

burner, structural feasibility and wetted surface area (heat transfer considera-

tions ).

The selected variable exit design was then to be used for the Task 1 Scram-

IACE subsystem matching analysis (Section V-A) and the Task 2 structures and

cooling study (Section V-B).

The five general variable exit nozzle concepts considered for ScramLACE are

presented in Figure 131. Two versions each of hinged movable plates and expandable

wedges are shown. The fifth nozzle is a rotating vane design. As noted on the

figure, the width of the nozzle section was held constant and the height was

increased to provide equal open nozzle flow area for supersonic combustion

ramjet operation (maximum open position). The hinged plate and expandable wedge

nozzle designs provide conventional two-dimensional nozzle contours.

The less conventional rotating vane concept however, has alternating upstream

and downstream nozzle throats and the flow at the exit station of the vanes is

heterogeneous, alternating sonic and supersonic. A brief analysis of this nozzle

indicated that with this mixed flow inside a duct, the sonic portions would

expand supersonically and provide an overall homogeneous supersonic exit velocity

for the engine. Satisfactory expansion of the sonic flow would be dependent on

the vane angle, however. The allowable angle is a function of the nozzle area

ratio and would be about 15 degrees for the ScramLACE applications.

The structural feasibility of the exit nozzle concepts shown in Figure 131

varies to some degree with each design and the particular approach to the respec-

tive problem. Large hinged plate concepts such as the single and double plate

designs, and possibly the double expandable wedge, must be pressure-balanced

(similar to the inlet concept of Figure 9) to achieve a reasonable weight.

Pressure-balancing involves selective compartmenting and usually controlled bleed

or leakage. This is to approach a front/back face pressure match to relieve panel
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pressure loads. Complete panel edge sealing and/or controlled leakage must be

used and the varying backside pressures must be monitored, and perhaps actively

controlled. Cooled hinge designs are also required. The candidate concepts are

briefly further reviewed in the discussion to follow.

The expandable wedge design (type No. 3) with four wedges tendsto minimize

or localize the pressure-balancing problem but significantly increases the number

and length of cooled hinges.

Wetted area for heat transfer was also a consideration as noted above.

Large internal surface areas which must be cooled during supersonic combustion

ramjet mode operation at Mach l0 to 12 present a potential fuel heat sink problem.

A comparison of the exit nozzle concepts on the wetted area basis is presented

in Table VII. Also shown are nozzle edge sealing lengths, cooled hinge lengths,

and a relative weight estimate. Open nozzle wetted area is a minimum for the

double plate design (type No. 2) and roughly equal and greater for the other four

concepts.

Edge sealing lengths are highest for the expandable wedge concepts (types

No. 3 and 4). The four element nozzle_ type No. 4, has a significantly longer

cooled hinge length.

The estimated nozzle weight comparison of Table VII, a preliminary result,

is based on the assumption of a uniform weight per unit area of nozzle wetted

area. This estimate includes both the fixed and moving panel surface areas. A

factor for unsupported moving panel beam length w_s included in the weight per

ur.it area. The simplified weight estimate hence was based on essentially pressure-

balanced panels where appropriate and did not penetrate into the considerations

of pressure webbing, nonuniform loads, etc.

The selection of the final variable exit nozzle concept for ScramLACE in

this task was highly biased toward anticipated supersonic combustion ramjet mode

cooling problems at Mach l0 to 12. Unfortunately, due to program parallel phasing,

the ScramLACE engine heat transfer analysis was not begun until after the exit

nozzle selection.

Based on the considerations discussed above_ the double plate concept (type

No. 2) was selected. It featured the minimum wetted area for heat transfer

coupled with an apparently reasonable relative weight.
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A half nozzle detail of the selected double plate design and some cooled

hinge concepts are presented in Figure 132. Installation of the variable exit

nozzle on the ScramLACE engine is illustrated in Figure 133.

Structural analysis of the Class 3 ScramLACE engine under Task 2 (Section

V-B) was initiated with the selected double plate variable exit nozzle concept.

Supporting heat transfer analysis results (which indicated no particular cooling

problem at Mach Lo) and initial structural design analysis indicated the critical

structural design point to be Mach 6 in the subsonic combustion ramjet mode.

Preliminary structural analysis of this variable nozzle together with initial

weight estimates of the Class 3 ScramLACE engine yielded several disturbing results.

The basic engine ducting plus major subsystems (heat exchanger, primary rockets,

etc. ) - together with the exit nozzle plates and associated mechanisms (Figure

1B2) was indicated to be substantially heavier than the engine's Class 2 variable

exit counterpart. A subsequent estimate, which was not supported by detailed

structural analysis, indicated that such a variable exit engine might have a

thrust/weight as low as 8.25, as compared to the Class 2 value of 16.5. The

weight values and their thrust/weight associations are given in the table below

and payload ramifications are presented in later Section VII-D (Figure 223).

Uninstalled

Exit Nozzle Engine Thrust/Weight

Subsystem Weight, Ratio,

weight, lbm lbm lbf t lbmEngine

Reference Variable Exit

(Basic Study - Class 2)

Estimated Revised Variable

(Extension Phase )

2,0_5 10,457 16.5

]2,600 21,000 8.25

Concurrently with the weight studies, the preliminary mission performance

results for the fixed exit nozzle evaluation of Class 2 ScramlACE (following

section) were available. These indicated only a nominal payload decrease for the

fixed exit visa' vis the variable. This combination of events prompted the

selection of a fixed exit nozzle for the Class 3 ScramLACE design. This choice

was subsequently supported by further results with the Class 3 ScramLACE system

in Tasks 1 and 2.
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2. Fixed Geometry Exit

This task involves determination of the engine performance and compromises

in performance which occur with the use of a fixed geometry exit nozzle for the

ScramLACE engine. The potential for the utilization of a fixed exit design was

first indicated by the charactristic exit throat area requirements for the engine

in the initial study phase evaluation, Reference l, Volume 3.

Analysis in this task was conducted on a Class 2 basis in terms of inlet

pressure recovery and component characteristics and efficiencies due to the con-

current timing of this task and the Class 3 ScramLACE performance and design

definition. The analysis was also only conducted along the Class 2 reference

trajectory and results from thia taa_sh_ul_ ha_co_!aered _this light,

and the pure acceleration mode operation of the engine (no cruise) for the launch

vehicle mission ....

The engine performance ana!_i-_ coverm_d_th--e_fllght speed range from Mach

zero to 6. Supersonic combustion ramjet mode operation from Mach 6 up does not

require or use variable exit geometry. In other words, any variable exit would

be held wide open for this speed range.

Two operating modes, ejector and subsonic combustion ramjet, are used for

ScramLACE in the Mach zero to 6 speed range. Two inlet oriented control para-

meters (airflow and inlet recovery), afterburner fuel control, and a combustion

station shift from the afterburner to the mixer (supersonic combustion zone for

Mach 6 and up) were utilized in the inlet/exit matching of the engine in these

two modes.

Fixed exit throat area selection was based on the requirements of the sea

level static ejector mode design point. This resulted in a fixed throat area

equal to 86 percent of the afterburner flow area. By selecting the sea level

static throat requirement, no performance penalty occurred at this condition,

as indicated in Figures 134 and 135. Figure 134 presents the Class 2 reference

trajectory thrust comparison of the fixed exit version and the Class 2 variable

exit engine; Figure 135 presents the corresponding specific impulse comparison.

Inlet-exit matching during the ejector mode was achieved by variation of the

afterburner equivalence ratio from the normal fuel-rich level down to and slightly

below stoichiometric as discussed earlier in Section V-A-3. _he excess hydrogen
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normally passed through the afterburner was expanded through a separate propulsive

nozzle where it contributed (slightly) to the engine thrust.

Subsonic combustion ramjet mode thrust and specific impulse for the fixed

exit ScramLACE along the Class 2 reference trajectory are presented in Figures

136 and 137_ respectively. Comparison variable exit performance is also presented.

Inlet-exit matching in the flight velocity regime of ll00 to 2900 ft/sec was

achieved by scheduling a slightly reduced inlet airflow which reflects primarily

in the thrust as shown in Figure 136. Matching from 2900 to about 3500 ft/sec

flight velocity was accomplished by progressively increasing supercritical inlet

operation. That i_ the nominal normal shock station was permitted to move from

the throat down into the diffuser section. Engine airflow from 2900 to 5900 ft/

sec flight velocity was controlled by full capture inlet operation and could not

be varied for control purposes. This would have required an increasing inlet

cowl size with flight speed.

At 3500 ft/sec flight velocity, the ramjet combustion process was shifted

from the afterburner to the smaller mixer area to help match the decreasing exit

throat size requirement with flight speed. From 3500 to 5900 ft/sec flight

velocity, subsonic combustion was maintained in the mixer. Again the inlet was

progressively increased in the degree of supercritical operation to maintain

inlet-exit matching.

The fixed exit ScramLACE airflow and inlet capture area schedules are

presented in Figure 138 and 139, respectively, with comparison variable exit

schedules.

The engine weight decrease achieved via the fixed exit design for the Class

2 ScramLACE was estimated at approximately 1000 pounds. This represents about

a ten percent decrease in weight relative to the reference Class 2 weight of

10,A57 pounds resulting in an increase in sea level static thrust/weight ratio

(uninstalled) from 16.5 to 18.3.

Engine performance penalties for the utilization of a fixed exit design as

presented in Figures 134 through 137 did not appear too severe. Mission perform-

ance evaluation of the fixed exit Class 2 ScramLACE engine (Section VI-B-3)

essentially verified this in yielding only a small payload decrease (the order of

5 percent ).
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D.  CYCLE (SLUSH)nWES XGA IO (TASK4)

This task involves further analysis of one of the cycle variations (hydrogen

recycle) used to "lean out" the inherently fuel-rich ScramLACE engine ejector

mode performance. This engine utilizes the basic Liquid Air Cycle Engine (LACE)

as a primary rocket subsystem. Liquid air oxidizer is obtained for the primary

rocket during ejector mode operation through the use of an air liquefaction heat

exchanger employing the inherent low temperature heat sink of liquid hydrogen.

The oxidizer for the primary rocket is therefore obtained at the expense of an

additional component weight with the only vehicle stored propellant requirement

being hydrogen fuel.

The elimination of the stored oxidizer need provides a significant_ specific .......

impulse increase for the liquefied air-hydrogen system relative to the stored

oxidizer combination of oxygen-hydrogen as in SERJ.

The basic LACE, RamLACE, ScramLACE, and hydrogen recycle versions of all

three were candidate engines in the initial Class 0 phase of the study, Reference

1. A discussion of these engines and their mission evaluation results was

presented in Volume 2 of the reference. Engine performance and weight/envelope

characteristics were presented in Volumes 4, and 5 of the reference. Selected

versions of the air liquefaction cycles were carried into later phases of the

study and are described in Volumes 6 and 7.

Reasonable weight heat exchangers are characterized by an air liquefaction

equivalence ratio of about 8, and this is only achieved through the use of equili-

brium hydrogen with para-ortho catalyst conversion (see Reference l, Volume 2,

Sections 6 and 7). The equivalence ratio can approach 6 at the expense of heat

exchanger weight but any lower value requires some major cycle perturbation.

An equivalence ratio of 6 or 8 signifies that 6 or 8 times the amount of fuel

that can be stoichiometrically burned with the liquefied air was required for the

basic air liquefaction process. Incorporation of air liquefaction in an ejector

or air augmentation cycle (as opposed to basic LACE) provides additional air for

combustion with the excess hydrogen. This additional air denotes an improved

performance potential. Eowever, practical engine sizing requires relatively low

levels of secondary air to primary rocket flow (liquefied air). For the Class

2 ScramLACE, the secondary to primary flow ratio at the sea level static design
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point was 1.5 and the heat exchanger equivalence ratio was 8. The fuel available

for afterburning is the stoichiometric amount for a secondary airflow almost 7

times the primary flow, hence the afterburner exhaust is still very fuel-rich.

Oneof the methods conceived for leaning-out the fuel-rich air liquefaction

process is termed recycle operation and involves the utilization of a subcooled

hydrogen heat sink in the vehicle tank. In order to obtain the maximumpractical

heat sink in the tank_ the hydrogen is subcooled to a partial slush (solid/liquid
mixture) condition, typically to the 50 percent slush state. The heat sink

achieved from this is illustrated in Figure l_O. As showu, subcooling the hydro-

gen to the 50 percent solid or slush condition improves the heat sink by about

50 percent over that available by just subcooling to the triple point.

The slush hydrogen heat sink allows the usual amount (i.e., the sameas in

the non-recycle engine) of hydrogen to be pumpedfrom the vehicle tank for the

air liquefaction, and a portion of the hydrogen to be returned or recycled to

the tank. Here the heat removedfrom the air in the heat exchanger is absorbed

by the heat sink. The solid fraction of the slush disappears and the liquid is
warmedup to the conventional liquid _ydrogen tank temperature. This process

obviously reduces the net hydrogen propellant consumption at a given thrust level,

hence improving the specific impulse of the engine.

The recycle process is, however, obviously time limited_ i.e., the cycle can

only operate as long as the constantly diminishing heat sink is available.

Feasibility of the concept relies on the subcooling of all the hydrogen, for

exampl_ in the vehicle first stage (propellant for all operating modesof the

engine) and the use of the heat sink for recycle only during the initial ejector

modeacceleration phase_ typically to a flight Machnumberof 2.

The present extension phase study was concerned only with recycle versions

of the Class 2 ScramLACE. A schematic of the recycle engine version is presented

in Figure 141. T_o hydrogen lines are shown connecting the engine and the vehicle

hydrogen tank. One of these carries standard 37°R liquid hydrogen from the tank

to the engine fuel pump. The other is a return line carrying slightly heated

hydrogen (typically about 120°R) back to the tank. The return line is tapped off

at the condenser outlet of the air liquefaction heat exchanger. As is evident,

a reduced hydrogen flow continues through the precooler and then to the combustors.
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Specifying the condenser outlet as the return line source for the recycle

circuit, limits the heat pickup by the total amount of hydrogen pumped to pressure

to Just the heat of vaporization of the air. This is possible as the condensing

process (not the precooling process) is the fuel quantity specifier for air

liquefaction (see Reference l, Volume 2, Section 6.2.2.2). Precoollng of the air

to saturated vapor (the nominal precooler/condenser line of demarkation) can be

accomplished with a relatively much smaller amount of hydrogen. It should be

noted that there are weight and size penalties which accompany a decreasing

precooler equivalence ratio; this aspect will be discussed later.

Figure 142 presents the sea level static specific impulse for the ScramLACE

ejector mode as a function of precooler equivalence ratio (net to engine). The

performance shown is based on a design secondary/primary flow ratio of 1.5

(Class 2 ScramLACE_,'the significant increase in specific impulse with decreasing

equivalence ratio is quite evident.

i. Definition of Baseline System

Recycle engines evaluated in the Class 0 and Class i phases of the initia_

study, Reference l, had a recycle rate of 50 percent, i.e., half of the fuel to

the condenser was returned to the subcooled hydrogen tank. A condenser equivalence

ratio of 8 and hence, a precooler equivalence ratio of 4 was used in all cases.

_hese engines coupled with the non-recycle versions resulted in a "bracketing"

evaluation of potential vehicle performance gains from utilizing the slush hydro-

gen heat sink for engine performance improvement.

It was consistently found in the vehicle evaluations, however, that the 50

percent recycle rate was too high, i.e., the subcooled heat sink of the first

stage fuel was used up before the desired flight speed transition from recycle

ejector mode to subsonic combustion ramjet. In these previous studies the heat

sink typically only lasted until Mach 1._ resulting in the engine performance

level reverting to that of its non-recycle version for the remaining velocity

increment up to ramjet takeover conditions. Recycle systems were evaluated only

in the initial basic study program phases, therefore a penetrating analysis was

not accomplished. The selected Class 2 engine utilizing air liquefaction (Scram-

LACE) was not a recycle engine, hence no further Investigation of a possibly more
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optimum recycle rate was made in the final phase of the basic program, i.e.,

Class 2 phase.

It is noted that the recycle engines did have some slight differences in

operating parameters as compared to the non-recycle versions. The recycle rate

investigation of the present task was therefore referenced to the Class 2 Scram-

LACE, a non-recycled system. The initial phase of the effort was to convert this

engine into a recycle version. The resulting "baseline" recycle engine featured

the 50 percent recycle rate of the prior (i.e., Reference l) engines to allow

direct comparison with previous results. This conversion process gave the

following comparative results.

Recycle Class 2 ScramLACE

(50% Recycle Rate)

Reference Class 2 ScramLACE

(non-recycle )

SLS SLS Eng. SLS

Is, T, A Wt., Wt., T/W
sec i000 ib ib Ib

2535 167 lO16 11,473 14.6

13_ 173 - lO,457 D6.5

It is noted that the recycle investigation under this task was performed on

a Class 2 basis throughout in terms of inlet pressure recovery, component charac-

teristics and efficiencies, and engine weights. Ixl the above recycle/non-recycle

comparison, the change in sea level static thrust is due only to the reduced mass

of excess hydrogen in the afterburner exhaust. The engine weight increase is

due to a 37 percent increase in the basic total heat exchanger weight (sans

associated component weights).

2. Recycle Rate Variations

Two recycle rates in addition to the baseline rate of 50 percent (and the

zero rate of the reference Class 2 ScramLACE) were selected to broaden the investi-

gation. As mentioned above, the 50 percent rate was too high (premature subcooled

hydrogen depletion). The object of the selection evaluation for the two additional

recycle rates was to pick two intermediate rates (between the reference zero and

50 percent) so that the utilization of four points altogether, in the final vehicle/

mission evaluatior_ would indicate the best recycle rate for the conditions of the

study.
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To provide a selection basis, heat exchanger design and sizing data were

computed for a range of condenser and precooler equivalence ratios. The precooler

frontal area requirements per unit liquified airflow_re presented in Figure 1_3.

Corresponding precooler length variations are presented in Figure 144. The pre-

cooler possesses significantly large frontal area and length dimensions _Tith

respect to the condenser characteristics. Thus precooler characteristics dictate

the heat exchanger size and overall weight trends. This is illustrated by Figure

145 which presents the total heat exchanger weight/unit airflow as a function of

the precooler and condenser equivalence ratio variations.

The baseline recycle ScramLACE had a condenser equivalence ratio of 8 and a

precooler equivalence ratio of 2. The 37 percent heat exchanger weight increase

relative to the Class 2 non-recycle ScramLACE can be seen in Figure 125. The

recycle rate can be reduced while retaining the baseline specific impulse by

holding the precooler equivalence ratio at h while decreasing the condenser to 7

(recycle rate of 42.9 percent). However, this combination for rate reduction would

require a doubling of the heat exchanger weight, relative to the baseline recycle

engine. As already noted, the baseline system already had a weight increase over

...... the _n-_ecycl_ i_feier_ce ScramLACE engine. Considerations such as these indicated

that there were obviously an unlimited number of possible combinations _of recycle

rate, engine _specific impulse, and engine weight. The final selection of the

intermediate _o recycle rates was made on the basis of maintaining minimum

engine weight changes and a need to clearly reflect the tradeoff of recycle rate

decrease and accompanying engine performance dropoff.

A recycle rate of 33 percent was one of the design/operating points selected

via a condenser equivalence ratio of 7.5 and a precooler equivalence ratio of 5.

This combination provides a minor engine weight increase over the baseline recycle

engine. A further reduction of recycle rate to 25 percent was selected as the

remaining condition using a condenser equivalence ratio of 8 and a precooler

equivalence ratio of 6, which gave a slight weight reduction relative to the base-

line engine.

These comparisons are illustrated in Figures 146 and 127. Figure 146 presents

the sea level static thrust/weight for ScramLACE as a function of the precooler

and condenser equivalence ratio variations. The two selected (25, 33 percent) and
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reference (0, 50 percent) points are noted on the figure and also on Figure 147_

which presents the recycle rate change with the same parameters. Performance

and weight characteristics for the three recycle engine variations and the Class

2 ScramLACE reference engine can be summarized as follows:

Recycle SIS SIS Eng.

Rate, Is, T, Wto, SIS

Engine Percent sec lO00 lb lbs T/W

Reference 0 13_4 173 10_457 16.5

Baseline Recycle 50 2535 167 ll,&73 12.6

Intermediate Recycle 33 2070 169 11,633 14.5

Intermediate Recycle 25 1745 171 10,783 15.9

The ejector mode specific impulse performance of the three recycle engines

along the Class 2 reference trajectory is presented in Figure 148. The relative

specific impulse increment established at sea level static was maintained with

increasing flight speed. Corresponding ejector mode thrust is presented in

Figure 149. As stated earlier, the thrust differences occur due to the relative

amount of excess hydrogen in the engine exhaust. The divergence of the 50 percent

recycle rate thrust line past Mach 2.0 is due to a less than stoichiometric after-

burner for this engine at this flight condition. The increase in secondary air-

flow was sufficient to more than use up the excess fuel. The addition of supple-

mentary hydrogen to return operation to stoichiometric was not explored. The

transition to subsonic combustion ramjet mode occurs typically at Mach 2.0, in

any case, prior to the local thrust decreases indicated.
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VI VEHICLE/MISSION STUDIES

A. APPROACH AND METHODOLOGY

1. General Approach

The extension phase payload performance evaluation utilized the Class 2

SERJ and ScramLACE vehicle systems and flight profile described in Section 8.6 of the

study's main technical report (Reference 1). Figures 150 and 151 taken from this

reference (Figures 290, 291) show the general vehicle layouts for SERJ and Scram-

LACE, respectively. These system characteristics were altered only as specifically

dictated by the various task requirements. The following brief tabulation charac-

terizes the two systems:

System
Characteristics SERJ ScramLACE

MAB MAX 8 lO

qAB MAX (psf) 85O 1500

VSTAGZNa (fps) 7751 98O2

qSTAGINO (psf) 2O0 2O0

Wo/SRE F (psf) 73.5 73.5

Ac (GEOM) (ft2) 352 _O8

PT2MAX (psia) 150 120

The SERJbaseline vehicle system is characterized by a take-off thrust-to-

gross-weight ratio (T/W) ° of 1.075, and the ScramLACE 1.038. Due to the funda-

mental effect of (T/W) ° alterations on ScramLACE engine contraction ratio and the

resulting ramifications to the highly critical supersonic combustion mode perform-

ance, the 1.038 value was retained for all tasks. In essence, the reoptimization

of low and high speed engine/vehicle matching which would have been required, if

(T/W)o were to be varied, was considerably beyond the scope of the extension effort°

The approach to the analysis of the various tasks, in general, was to:

* a. Determine the installed performance (thrust and specific impulse) and

weight characteristics for each Marquardt-supplied engine design or modification

by application of the Class 2 inlet performance (Section 8.6.1.3) and installation

weight _enalties (inlet, subsystems, thrust structure, etc.) from Section 8.6.1.k.

*Note: The report sections alluded to in the listing (1-5) below are located in
_rence i, Volume 3.
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b. Determine effective specific impulse, I (1-drag/thrust), as a function
sp

of Mach number for various vehicle thrust-to-weight ratios. The aerodynamic data

of Section 8.6.1.2 were used.

a. Determine the maximum performance thrust-to-weight ratio by summing

propellant used during the pre-ramjet modes, tankage, and engine weight over a

range of(T/W)o.This technique was outlined in Section 6.4.2.1.

d. Determine second-stage gross weight at the maximum performance (T/W)o

through the integration of first-stage elements per the equations of Sections

6.3.3.1.

e. Determine system orbital payload performance from the second-stage

relationships of Section 6.4.1.2 as illustrated in Figure 147, of Reference 1.

2. Class 2/2' Correlation

Engine performance and weights determined by Marquardt for the various exten-

sion phase tasks are with respect to the final SERJ and ScramLACE engines presented

in the Class 2 Engine Information Book of the final report series (Reference l,

Volume 7). During the basic study, while final vehicle performance was being

determined by Lockheed at the conclusion of the main study, engine design studies

were naturally continuir_ at Marquardt; consequently, the Class 2 engine data

differs slightly from that actually used by Lockheed to determine the published

Class 2 system payload performance.

Therefore, to provide a completely meaningful reference base for evaluation

of the extension phase studies, which depart from the main study results, the Class

2 payload performance was reassessed on the basis of the final engine data, i.e.,

that of Reference l, Volume 7. All extension tasks are then referenced to these

reassessed results, here denoted Class 2' (except for the Task 6, the High Pressure

Ratio Fan (SERJ) investigation, which uses a Class 3 SERJ engine base reference).

3. Task Methodology

All of the tasks except Task 5, the Flight Path Sensitivity Studies were

limited to a single "maximum performance" ascent trajectory, namely Path l, shown

in Figure 152 and Table VIII. The trajectory is discussed in Section 8.6.1.3.1 of

Reference l, Volume 3.
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TABT._

TRAJECTORY SENSITIVITY

VIII

STUDY FLIGHT PATHS

Altitude - lO00 ft

Class 2 Ref.)
Mach No. Path 1 Path 2 Path 3 Path 4

0 0 0 0 0

o._ o.i o.i o.i o.i

o.6 o.7 2.2 3.7 4.o

0.8 1.4 7.3 13.3 22.0

i.o 2.6 12.7 22.8 33.8

!.2 5.0 16.9 28.8 41.0

i. 5 i6.2 25.0 33.8 47.0

2.0 31.0 36.5 42.0 55.0

2.5 41.0 46.2 51.3 62.0

3.0 48.9 53.8 58.7 68.0

3.5 5.6.0 • 59.9 63.9 71.5

4.0 62.6 65.1 67.7 73.5

4.5 67.3 69.2 71.2 75.0

5.0 71.8 73.1 74.4 75.0

6.0 81.9/79.5 * 81.9 81.9 81.9

7.0 93.0/86.2 93.0 93.0 93.0

8.0 104.5/92.0 104.5 i04.5 104.5

Path 5

0

O.1

4.0

27.5

43.8

53.O

59.O

67.0

73.0

77.0

79.0

79.o

79.o

79.o

81.9

93.0

ion. 5

*With reference to Figure 152, the altitudes are for the SERJ and ScramLACE

paths, respectively.
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a. Tasks i and 2 (Class 3 SERJ and ScramLACE engines - combined engine

performance and weight results)

These tasks were combined, insofar as the Lockheed analysis was concerned,

to reflect payload performance for the new Class 3 versions of the engines. Task

1 was concerned with engine performance, considering subsystem matching and revised

component and process efficiency schedules, and Task 2 represented the engine

structure and cooling considerations, reflected basically as weight changes.

These tasks represent in the Marquardt analysis, an additional level of analytical

penetration for both the SERJ and ScramLACE engines. Lockheed determined engine

installed performance and weight, optimized (on delivered payload) vehicle thrust-

to-welght sizing for SEBJ. ScramLACE (T/W) ° was retained at 1.038 for reasons

noted in Section VI-A-1, above. Payload performance along the reference trajec-

tory was determined_and is presented here and summarized in Section VII.

Propulsion system inputs for these vehicle tasks were described in Sections

IV-A, B for SEBJ and V-A, B for ScramLACE.

b. Task 3 (Fixed exit ScramLACE)

The installed thrust and specific impulse for the fixed nozzle ScramLACE

engine (to be compared to the variable nozzle Class 2' ScramLACE) were determined

from the Marquardt Task 3 input data for the reference trajectory. Because of

the small perturbations in engine performance relative to the Class 2' ScramLACE,

the installed performance was obtained from a ratio of the uninstalled performance

characteristics. The effective specific impulse was computed for a (T/W) ° of

1.038. Integrated fuel consumption to Mach lO and installed propulsion weight

for the fixed exit nozzle engine were then used to determine payload performance.

Propulsion system inputs for this task were described in Section V-C.

Task 4 investigated three subcooled hydrogen recycle rates of 25, 33, and 50

percent (corresponding to specific heat exchanger design equivalence ratios of 6,

5, and h, respectively - see Section V-E) to evaluate the performance effect of

slush hydrogen usage with respect to that with the basic Class 2 ScramLACE. Input

data along the reference trajectory from Marquardt for the engines were integrated

for a vehicle thrust-to-weight ratio of 1.038. As in the main study a 50-50 slush
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hydrogen mixture was assumed. The approach to this task involved determination of:

(1) Ejector mode installed thrust and specific impulse over a Mach 0-3

range for each heat exchanger equivalence ratio.

(2) Vehicle flight time history as a function of Mach number
D

(3) Effective specific impulse (I s (1 - _) ) variation with Mach number

(4) Vehicle slush hydrogen depletion in terms of time from take-off as

a function of recycle rate and subcooled capacity of the fuel in

the tank.

(5) Mach number (for the depletion point) at which the operating mode

reverts to basic Class 21 ScramLACE performance level.

(6) Integrated fuel consumption to Mach lO

(7) Tank volume at take-off and volume subsequent to reverting to basic

ScramLACE to insure that the assumed 50-50 solid/liquid initial

hydrogen volume is compatible with that existing after depletion

of the slush hydrogen and elevation of the fuel temperature to its

normal (boiling) condition.

(8) Payload performance with appropriate vehicle tank weight reductions,

integrated performance, and installed propulsion weights.

No modification in the basic vehicle aerodynamic drag was made, since the

small reduction in drag due to surface area reduction (reduced tank siz e ) would be

offset considerably in vehicle fineness ratio (or additional second-stage exposure

if the fineness ratio is retained).

Propulsion system inputs for this task were described in Section V-D.

d. Task 5 (Flight Path Sensitivity)

This task was a flight path sensitivity analysis for the Class 2 SERJ and

ScramLACE powered vehicle systems and represented the major Lockheed effort in the

extension phase. Class 2 data for both SERJ and ScramLACE systems were used for

this task. The effort was directed at determining the payload degradations asso-

ciated with ascending higher altitude flight paths on an altitude/flight velocity

plot, vlz. Figure 152_ with their reduced sonic cverpressure generation connotations.

The following path selection criteria were employed:

-236-
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(i) Path i represents the Class 2 maximum performance paths for both

SERJ and ScramlACE (the ScramLACE path deviates at Mach 6 as shown

in Figure 152 ; however, this analysis was confined to the _ach 0

to 6 regime).

(2) Path 3 represents the maximum performance turboramjet system path

as specified and referenced in Section 8.6.1.3.4 of Reference l,

Volume 3.

(3) Path 4 represents a typical contemporary supersonic transport (SST)

type path (Reference 15) with generated sonic bocm levels restricted

tO 2.0 psf for a clean vehicle configuration with a gross weight of

500,000 pounds.

(4) Path 2 represents a mean altitude path lying between Paths 1 and 2.

(5) Path 5 represents one-half the dynamic pressure level of Path 4.

The SERJ system was analyzed along all of these five paths for both fixed and

optimized values of (T/W) O • ScrsmLACE was restricted to operation on Path 3 and

below due to a lO psia heat exchanger design limit condition. The Task 5 analysis

of ScramLACE was therefore made for Paths l, 2, 3, only and for reasons previously

discussed, at a fixed vehicle thrust-to-weight ratio of 1.038.

The Lockheed objective in Task 5 was to perform as complete a parametric analy-

sis as possible, with emphasis on SERJ, so that the performance implications of

paths other than those nominally selected might be evaluated as desired by reci-

pients of this report. The approach therefore was to utilize the approximate

relationship as discussed in Section 7.6.1.6.1, Reference l:

w  vlg÷ _h/Va

wAV E Is (i - drag/thrust)

The effective specific impulse, I , representing the denominator of this expres-
s e

slon, is parametrically determined as a function of flight path (Mach number and

altitude) and vehicle take-off thrust loading, (T/W) ° for the three engine opera-

tional modes (supercharged ejector, fan-ramjet, and ramjet). This calculation is

made subsequent to a parametric evaluation of installed engine thrust and specific

impulse, and vehicle angle-of-attack and drag. The vehicle angle-of-attack and
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drag sensitivity to thrust is incorporated, and since T. sin a represents an effec-

tive weight, the drag effects due to weight can also be determined.

Integrated weight performance may be determined for any path 3 (T/W)o, and

operating mode schedule by:

(1) Selecting Mach number intervals (every 0.2, for example)

(2) Reading the average effective specific impulse from the parametric

data

(3) Calculating AV + Ah/Va for each interval
• g

(_) Summing A W/WAv E and extracting the natural antilogarithm, to

obtain the ratio of weight at any given Mach number to the

system gross weight.

This integration was performed for the five selected flight paths, vehicle thrust

loadings (T/W)o, of 0.75, 1.O0, 1.25, and 1.50 and for both maximum payload

performance (early transition to fan ramjet mode in the case of SERJ) and high

acceleration, steep cllmbout mode scheduling of the SEPJ system. The latter

approach comprised, for SERJ, a sustained supercharged ejector mode up to a flight

Mach number of 2.5. The best thrust-to-weight ratio for each path and engine mode

schedule was then determined by summing propellant used and the concomitant tank-

age weight from Mach 0 to 8, plus the total installed propulsion weight as a

function of (T/W) o.

System payload performance was then evaluated for the following conditions:

(1) Maximum performance or optimized thrust loadin@ and a fixed, Path 1

associated system thrust loading (1.150), for Paths 1 through 5, both with the

engines operating on the steep climbout supercharged ejector mode and the maximum

performance mode scheduling.

(2) Utilization of the fan-ramjet mode from Mach 0 to 2.5 as a variance

of the ground rule that the primary rockets would always operate at least to Mach

0 to 0.4 (Just past llft-off). This was to evaluate the basic effects of elimina-

ting the use of the primary rockets. The use of the fan-ramjet mode for the

take-off ground run and initial flight required evaluation of take-off velocity

and distance due to the inherent low thrust output of this mode: (T/W)o = 0.288.

For the analysis, no alterations in vehicle structure weight due to variation in

gust-load factor with flight path were made. The following vehicle design
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criterion was adhered to: maneuvering during the critical transonic gust region

would be limited in accordance with gust statistics such that a 2.0 total normal

load factor (1.0 g flight + gust + maneuver) would not be exceeded.

No attempt was made to determine sonic boom overpressure levels per se in

this study. However, to provide a qualitative indication of the relative sonic

bocm intensity associated with the various flight paths, an index proportional to

the overpressure, defined as: r =L_3 _ _ was evaluated. _his index is derived

from the conventional overpressure parameter

3/4

Kr
, and for a given level of overpressure, is

proportional to the vehicle altitude and velocity as shown in Figure 153 for zero

path angles ........
........... C=T

It is noted that actual value Of overpressure, however, cannot be obtained

from this index. As stated, only the relative effect of trajectory and path angle

variations on sonic boom intensity can be assessed. The actual value of the over-

pressure level can ultimately be obtained by evaluating the parameter -_ w

2 q_'
which is functionally dependent on configuration geometry, weight, and other

factors. This further penetration into the overpressure investigation was beyond

the scope of this study.

Due to sensitivity of sonic boom to vehicle flight path angle (in particular

the high T associated with the high thrust-to-weight ratio composite systems),

the Randall relation rT /_T = 0 (Reference 16) presented in Figure 15_ was

applied to the overpressure intensity parameter (•) to additively indicate the

path angle effect. Note the geometric cut-off line denoting that the shock cone

emanating from the vehicle is normal to the ground line, hence producing zero boom.

For the vehicle studies flight path angles were parametrically determined from

the approximate relation:

9' = sin -1 T. (Ah/VAvE) (cos o_- D/T)

+ (W/Wo)
VAV]_

*This cut-off line does not reflect any consideration of atmospheric temperature

gradients which can have major effects on the position of the zero boom cut-off

line. Appendix B discusses this phenomenon in further detail.
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..._

to allow _ quantitative assessment of the effect oT steep climb on the overpressure

intensity parameter.

Propulsion system inputs for this task were extracted from Reference l,

Volume 7.

e. Task 6 (SERJ Fan Pressure Ratio Variation)

The SERJ engine nominally employs a high bypass ratio retractable fan or super-

charger, with a nominal pressure ratio of 1.3:l. Task 6 evaluated the payload

performance of the Class 3 SEPJ adapted to various other fan compression ratios

varying from 1.1 to 3.0.

Installed propulsion system performance was determined along the reference

trajectory (Path l) for each engine version (each of six fan pressure ratios) and

for the supercharged ejector, fan-ramjet (variable degrees of afterburning), and

subsonic combustion ramjet modes. Effective specific impulse was then computed

as a function of flight Mach number for various vehicle initial thrust-to-weight

ratios, (T_) o. For each version, the thrust sizing parameter (sum of propellants,

tankage, and propulsion related weights) was determined as a function of vehicle

thrust loading, with the minimum value of the sizing parameter defining the best

thrust loading. Payload performance was determined for the various fan-pressure-

ratio engines for the maximum performance mode scheduling and optimum thrust-to-

weight ratio. The effect of using the best fan-ramjet mode afterburner equivalence

ratio (_AB) schedule for early vehicle acceleration, including ground run for the

higher fan pressure ratios, and the implications on take-off velocity and distance

were also assessed.

Propulsion system inputs for this task were described in Section IV-C.

-21,2-
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B. SUPERCHARGED EJECTOR'RAMJE_ ENGINE RESULTS

Application of the methodology described in the previous section yielded

results for SERJ to be described below. The following breakdown is used:

l,

2.

,

4.

Class 2/2' Correlation

Subsystem Matching/Structures and Cooling Efforts, which comprise

the definition of the Class 3 engine

High Pressure Ratio Fan Investigation

Flight Path Sensitivity Study

1. Class 2/2' Correlation (See Table IX 1

A deviation in the ejector mode propulsion performance between Class 2 and 2'

is evident from Figure 155 , particularly in the supersonic speed regime. This

deviation accrues primarily from a more accurate definition of the inlet drag for

a specific inlet/engine sizing. The slight deviation evidenced in the ramjet mode

performance of Figure 156, in the Mach 3 to 8 range is due to angle-of-attack.

These effects are %eflected in the system effective specific impulse and integrated

weight histories presented in Figures 15V and 158, respectively.

The Class 2 and 2' system comparisons were shown for a (T/W)o of 1.075, which

is representative of the Class 2 SERJ maximum performance thrust loading. The

increased fuel consumption to Mach 8, and decreassiengine T/W from 20.66 for Class

2, to 18.00 for the Class 2' system resulted in a shift of the maximum performance

thrust loading from the 1.075 value to 1.150, as indicated in Figure 159.

As shown in Table IX system payload performance reduces from 41,200 pounds

for Class 2, to 39,200 pounds for Class 2'. The respective second stage gross

weights are 445,054 and 428,795 pounds. The Class 2' SERJ system now becomes the

reference base for comparison of the performance resulting from Tasks 1 and 2,

Task 5 and Task 6, as presented below.

2. Class 3 Results; Subsystem Matchin_ (Task 1)/Structures and Cooling

(Task 21 Effects (See Table IX)

Figure 160 presents ejector mode performance of the Class 3 SERJ engine rela-

tive to Class 2'. The Class 2' (and 2) engines considered only an afterburner

equivalence ratio (_^_)of unity in the fan-ram4et mode. The Class 3 analysis

-243-



r_

Lrx _,_ r_ _ 0
0 U'_ 0 _-- r_

•_ .._ m ,-.-t od

r,e5 u'_ -._
0 0 t_

0

8

0 0
CD

_D

0

O_

OJ

0 0 0 cO _D _ OJ OJ kO _ cO _ OJ
CO L_ 04
U_ I._. Lrx CU

CO
r_ C_ 0
0 _...- Lr'_

_ _ § o o _ _" 0_u_ 0 _0 _ • 0,1 i_ t'.- t_ ',D
cO

0 0.1 ,-_

Lrx _ 0 _D

Lr_ _ co c_

,-I _ _ _ _ OJ 0

_ 0 0 0.1 _'_ 0 _ 0OJ _ r_ _ _ _ 0

- .-

0 O_ 0 0 ',,.0 0 0 ,-I CO _ c_ O_ 0CO r_ t_- .-_ u'_ u_ 0
u'_ 0.1 0"_ 0 ,-_ _-t _-I _-1 0

r_ m c_



4000

e_

S
3000

=-

==

- 2000
(D

,.q

I000
W
Z

c
o
a_

c

12,000,

Q
=.-i

e,,,

I--

I--
I.iJ
Z

8O0O

4000

0

3000

oo
2000

==

i000
W
Z

"_//" ckAss2
-- --- CLASS 2'

f/ I
P FAN RAMJET MODE

SUPERCHARGED EJECTOR MODE

SUPERCHARGED EJECTOR MODE

Y

FJ_AN RAMJET MODE

O- 0
0 1 2 3 4

FLIGHT MACH NUMBER

FIGURE 155. SEPJ System Class 2/2' Correlation_ Initial

Acceleration Mode Performance

R-24,626 -245-



VAN NUY|. CALIPOIINIA

6000 -

@}

e,.
o
,,l,,a

e-.

o 4000-
0

¢v
-1-

2000-
I'-
U.I
Z

i

U3
,..I
ZD
Q.

m

03

', =__

,,,.0
Q.
U'}

I--
LU
Z

m

(D

=.-I

u"}
_D
,.w
"-r-
l,-

I--
LU
Z

4OOO

3000

2OOO

i000

1600

1200

8OO

4OO

0
0 2 4 6

FLIGHT MACH NUMBER
8

FIGURE 156. SERJ System Class 2/2' Correlation, Ramjet

Mode Performance

R-24,627 -2_-6-



3200:

28OO

(3
Q3

i

%0

I,JJ
u'l
._l 2000

0=

tl.
1600

o.

>

c_ 1200W
U.
U.
uJ

fl AI

/!
V;
I{
|m

800 r'_

400 j

I

m

I m

\

\\

\

CLASS 2
I

CLASS 2'

2 4 6 8

FLIGHT MACH NUMBER

10

FIGURE 157. SERJ System Class 2/_' Correlation of Effective

Specific Impulse



rquamr ...._.,..,,,o,.,.
I (,YJitPtk_ATIt_

1.00

CLASS 2

CLAS'S 2'

0.96

x
o 0.92

0.88

u_ O. 84

0

Z
< \
Z

_" 0 80
_}

__ 0 2 4 6
FLIGHT MACH NUMBER

8 I0

FIGURE 158. SERJ System Class 2/2' Correlation of Vehicle

Weight History

R-24,629

-248-



mr_ua._.nrdt... ,,_.,,.,,,,,,.,.
i lX_tlFI_I4111_

0.28

0.26

n,,

"' 0.24i--
LI,i

..¢
n,,.
.<
0..

0.22
Z
m

N

(/1

I--
¢./}
=)
=¢ 0 °20
I,.,-

0.18

I
l
I

\

\ CLASS 2'/

__ _ _I "(_'SELECTED T/W) °

0.i6
0.6 0.8 1.0

C_SS2

1.2 1.4 1.6

INITIAL NET THRUST/VEHICLE GROSS WEIGHT RATIO, (T/W)o

FIGURE 159. SEPJ System Class 2/2' Correlation of Optimum

_l_rust Sizing

R-24,630



m

e-

= 4-
0

m
!

mm

E

I--
c/3

2-
"I"
I-

I--
I,IJ
Z

=l-

R-24,631

VAN HUY|, ¢&LIFOIN|A

4000

30oo //
FIVE ENGINES @

._ _ 203,000 Ibf
--_ SEA LEVEL STATIC

c_"_ 2000;
,7".o

m

t.Ul_-

U')

p-

w I000 j
Mo = 0-0.4 SUPERCHARGED

"-- EJECTOR MODE
Mo= 0.4-2.5 FAN
RAMJET MODE

f t0

1600

= 1200

°° IC
0

u_ 800

ne

I--

,

0

l--
IJJ

400

/
/

,/
/

/
/-- f

,y
//

@ AFTERBURNER

@AFTERBURNER
1.0

0.5
/%

1 2 3

FLIGHT MACH NUMBER

FIGURE 160. Class 3 SERJ System Initial Acceleration Modes

Performance 3 Five Engines @ 203,000 lbf



VAN NI_I_ CALI@OIIN|A

surveyed variable CAB and, as indicated in Figure 161, it was determined that below

Mach 1.O, CAB = 0.4 yielded maximum system effective impulse; above Mach 1.O, the

CA B reverted to unity for maximum performance. This CAB scheduling is apparent

in the ejector mode data of Figure 160.

Figure 162 presents effective specific impulse trends for both fan-ramjet

and fan ejector ramjet mode operation, and for various thrust sizing levels. The

best thrust loading, (T/W)o , shifts from the 1.150 Class 2' value to 1.300 for

Class 3 as shown in Figure 163 , which presents the thrust sizing parameter

(weight of propellant from Mach 0 to 2.5, tankage, engines, and subsystems) as a

function of system (T/W)o. The engine weights reflect a decrease in uninstalled

engine thrust-to-weight ratio from 18.00 for Class 2', to 15.80 for Class 3.

With reference to Table IX, system payload performance decreased from the

Class 2' level of 39,200 pounds (WII = 428,795 pounds), to 37,000 pounds for Class

3 (WII = 412,595 pounds). This effect incorporates both the Task 1 engine perform-

ance and Task 2 engine weight data. The effect of the performance changes alone

would result in a slightly increased payload of approximately 39,600 pounds (WII --

432,258 pounds) rel_tive to Class 2'.

3. High Fan Pressure Ratio Effects (Task 6) (See Table X 1

As noted (Section VI-A-3-e above), the nominal SERJ engine employs a fan

pressure ratio (FR) of 1.3. Task 6 evaluated the payload performance of SERJ

engines utilizing pressure ratios varying from 1.1 to 3.0. The analysis was made

relative to the Class 3 SERJ system (PR = 1.3) analyzed in Tasks I and 2 and

described above.

Uninstalled engine performance, based on a realistic inlet recovery and along

flight Path 1 (maximum performance path) was received from Marquardt for fan

pressure ratios of 1.1, 1.3, 1.5, 1.8, 2.2, 2.6, and 3.0. The installed perform-

ance was determined by subtracting the inlet drag - composed of cowl, boundary

layer, bypass, and spillage terms obtained from the engine airflow characteristics.

Typical values of installed thrust and Is are shown in Figure 16_ for a nominal

engine of 203,000 lb sea level static thrust.

The system effective specific impulse was determined for arbitrary initial

vehicle thrust-to-weight ratios for each fan pressure ratio. Example results are

shown in Figures 165 through 170 • It should be noted that since the inlet

-251-
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capture area was held constant, the inlet mass flow ratio, typically shown in

Figure 171 for PR = 1.3, varied with the number of engines installed, which in

turn implies a different value of inlet spillage drag. In addition, the vehicle

drag varies with the amount of propellant consumed along the trajectory (instan-

taneous vehicle weight variations). The effective specific impulse was also used

to determine the optimum afterburner equivalence ratio scheduling shown on the

curves.

For each fan pressure ratio version, the sizing parameter (sum of propellants_

tankage, subsystems, and engines) was determined as a function of the number of

engines (or thrust loading) as shown in Figure 172 for the uninstalled thrust-to-

weight values shown in Figure 173. The optimum points for each pressure ratio

are also indicated in Figure 172. The sizing parameter indicates a fan pressure

ratio of 1.8 to yield maximum performance, with 1.5 only slightly lower.

The fuel required for loiter during the landing mode was determined to be

relatively insensitive to the differences in fan mode specific impulse for fan

pressure ratios of 1.3 to 3.0. In order to meet the low loiter thrust require-

ments with engines of higher pressure ratiO, one or more engines were shut down

and segments of the inlet were closed as appropriate. The i.i pressure ratio

engine incurred a significant weight penalty in the loiter mode due to the rela-

tively low specific impulse commensurate with afterburning (_AB = 0.055, Is = 4100)

necessary to provide adequate thrust.

Payload to gross weight ratios for the various engine pressure ratios are

presented in Figure 17S and Table X . The corresponding taJge-off performance

characteristics are shown in Figure 174. It should be noted that the pressure

ratio 3.0 system was also investigated with respect to afterburner equivalence

ratio during acceleration. The effect of reducing _AB from 1.0 to 0 (T/W ° = 0.334)

during the low speed regime was to increase the second stage gross weight by _ 2550

pounds. This increase in performance is accompanied, however, by an increase in

the required take-off distance from 4bOO to 10,500 feet.

4. Flight Path Sensitivity Stud_ (Task _) (See Table X_)

The following parametric data is presented for SERJ to enable determination

of performance along any path (See Section VI-A-3-d):
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a. Figures 175 through 177 present vehicle angle-of-attack and drag for

three of the five selected paths and for various thrust levels.

b. Figures 178 through 185 present typical installed propulsion system

performance (thrust and specific impulse) for the fan-ramjet, supercharged,

ejector, and ramjet modes along the five selected paths at

selected Mach number intervals.

c. Figures 186 through 194 present examples of system effective impulse

L[1- drag/thrust J ) results obtained from an integration of the(i
S

above data. Figures 186 through 189 present the variation of I with
• . sPe

(T/W) ° and path at specific Mach numbers_ and Figures 190 through 19_

present the variation with Mach number and (T/W)o for specific paths.

d. Figures 195 through 199 present system flight path angle trends (T) as

a function of Mach number and (T/W)o for each of the five paths.

The integrated weight at Mach 8 to gross weight ratio is presented in Figure 200

as a function of (T/W) ° for the five flight paths and two engine mode schedules.

The maximum performance mode schedule represents one that is programmed to transi-

tion to that engine mode yielding the maximum instantaneous system effective

impulse. The three modes available are supercharged ejector (SEJ)_ fan-ramjet (FRJ)_

and ramjet (RJ).

The SEJ mode or steep climbout schedule represents full supercharged ejector

mode operation from Mach 0 to 2.5, i.e., no early rocket cut-off. Figure 201

presents the system thrust sizing parameter for the condition noted in Figure 200.

The sizing parameter determines the maximum performance vehicle thrust-to-weight

ratio. The loci of maximum performance T/W ° is shown on Figure 201 for variation

in path and mode scheduling. Overall detailed results are given in Table XI.

The overpressure intensity parameter calculated for the five paths as a func-

tion of Mach number is presented in Figures 202 and 20B . Figure 202 represents

r without the effects of flight path angle (which is sensitive to vehicle thrust

and weight). Figure 20B represents the effect of actual vehicle flight path angle,

and includes the effects of thrust and weight.

Be data of Figure 203 were used to determine the maximum values of the over-

pressure intensity parameter (T_) for each path. The integrated SERJ system pay-

load variation associated with flight path deviations is plotted in Fi_are 204,

which, Sml_lmmen_ed by Table XI, illustrates several effects:
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a. The effect of primary rockets being inoperative on the Class 2' SERJ

system; utilizing SERJ in this way increases the Class 2' payload

from 39,200 to 42,600 pounds, primarily due to the elimination of the

oxidizer (Mach 0 to 0.4). Thrust-to-weight at take-off is reduced to

0.988 (compared to 1.150 with primaries on); consequently, the take-off

distance is increased from 2250 to 12,000 feet, and the take-off speed

(I.i VL. 0.) increases from 413 ft/sec to 477 ft/sec for rotation to a

16 degree angle of attack.

b. As the flight path is altered from Path i (maximum performance path)

to 5, the payload performance is reduced and the sonic overpressure

intensity level decreases. As indicated in Figure 20_, ascending Path

3 in lieu of Path 1 reduces the 39,200 lb payload to 35,100 pounds

(approximately l0 percent), but reduces the overpressure intensity level

by a factor of lO.

c. Use of the steep climbout mode schedule (full supercharged ejector mode

from Mach 0 to 2.5) in lieu of the maximum performance schedule causes

significant redhction (39,200 to 28,400 pounds) in payload without

commensurate reductions in the overpressure intensity. With reference

to the discussion regarding the zero-boom cut-off phenomenon in Section

VI-3-d and in Appendix B , the possibility of eliminating the sonic boom

(or significantly delaying its onset) via the steep climb procedure

should not be overlooked. Again, the study did not address this prospect

except as treated generally in Appendix B .

d. Re-optlmization of the nominal system thrust-to-weight ratio (1.150)

does not significantly improve the payload performance on alternate

paths.

As a side note, the turboramJet system (analyzed in Reference 15 along Path 4)

appears to have a higher degree of payload sensitivity at the same level of over-

pressure intensity parameter. The flight path angles which occur for this system

are essentially zero due to the relatively low thrust/drag margin.
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C. SCRAMIACE ENGINE RESULTS

Mission/vehicle analysis performed with the ScramLACE engine is presented in

the following categories:

1. Class 2/2' Correlation

2. Subsystem Matching/Structures and Cooling Effects which comprise

the definition of the Class 3 engine

3. Fixed Geometry Exit Nozzle Study

h. Recycle Hydrogen Engine Investigation

5. Flight Path Sensitivity Study.

Table XXI presents detailed results for all five (5) items.

I. Class fi/2' Correlation (See Table iX)

The installed propulsion performance presented in Figure 205 for a T/W : 1.038

reflects increased uninstalled Class 2' engine performance in the ejector mode.

Subsonic and supersonic combustion ramjet mode performance was unchanged. The

Class 2' uninstalled engine thrust-to-weight ratio wasl6.50, as compared to

19.19 for Class 2.

The system effective impulse comparison is shown in Figure 206, and the

resulting integrated weight histories in Figure 207. The system payload perform-

ance yield for Class 2' ScramLACE is 55,500 pounds, as compared to 56,000 pounds

for Class 2; the respective second stage gross weights are 395,180 pounds and

396,573 pounds. Table IX presents detailed results.

The Class 2' Scraml_CE is used for a comparison base for Tasks 1 and 2, 3, &#

and 5 results presented below.

2. Class 3 Res_chinTask 1 Structures and Coolin

The differences in the installed propulsion performance and system effective

specific impulse characteristics of the Class 3 ScramLACE relative to Class 2'

shown in Figures 208 and 209 and Table _X, reflect a decrease in the uninstalled

performance occurring under Task 1. Also, basic engine thrust-to-weight ratio

decreased frcml6.50 for Class 2'_ to 13.74 for Class 3 under Task 2.
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The decreased engine performance and _ight results in a decrease in second

stage gross weight from 395,180 to 357,367 pounds (Class 3). The corresponding

payloads are 55,500 and 49,000 pounds. Assessment of performance changes only

(recall that the engine was converted from a variable, to a fixed exit design)

represents an approximate decrease from the Class 2' value of 55_500 pounds to

52,100 pounds (WII = 376,396 pounds).

3. Fixed Geometry Exit Nozzle Study. (See Table XII)

The performance effects of utilizing a fixed in lieu of a variable geometry

nozzle on the Class 2' ScramLACE engine are shown in Figures 210 , 211, and 2/2.

Actually, the variable to fixed exit modification became part of the Class 2' to

Class 3 ScramLACE transition as the study progressed; however, Task 3 isolates

........ -the-effects of this particular change.

The fixed exit geometry, while degrading performance across the speed regime,

result_dd-ID__innreased engine_thrust-te-weight ratio from the Class 2' value

of 16.50 to 18.33. The net result on the integrated system payload performance

(Table XII) is a reduction from the Class 2' value of 55,500 pounds (WIT = 395,180

pounds), to 52,900 pounds (WII = 379,417 pounds) for the Task 3 fixed exit engine.

4. Recycle H_drogen Engine Investi_atlon (See Table XII)

Figure 213 presents ScramLACE ejector mode performance for three recycle

engine versions employing different recycle rates of 50, 33, and 25 percent,

corresponding to heat exchanger design equivalence ratios (_HX) of 4, 5, and 6.

The basic non-recycle (0 percent) ScramLACE had a _HX of 8. Be superior perform-

ance of recycle ScramLACE is evident from the potential specific impulse gains

reflected in Figure 213. These gains are, however, associated with basic engine

thrust-to-weight ratio reductions from the basic 16.50 Class 2 r level, to 15.8&,

1&.53, and 14.55 for recycle rates of 25, 33, and 50 percent, respectively.

The depletion of the subcooled hydrogen in the tank with recycled warm hydro-

gen, is a function of the recycle rate employed. Figure 214 presents time during

ascent to increasing Mach number for each recycle rate and indicates the corres-

ponding points at which the system is depleted of its subcooled hydrogen supply.

At this point, the engine reverts to basic non-recycle performance levels, i.e.,

regular ScramLACE. This effect is illustrated in the system effective impulse

variation with Mach number presented in Figure 215.
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Integrated system performance and engine uninstalled thrust-to-weight ratios

are shown in Figures 215 and 217, with recycle rate as the major variable. Basic

non-recycle ScramLACE (Class 2' ) is shown for reference zero recycle rate. The

d_ta indicate minimum ascent fuel consumption for approximately 37% recycle

rate; however, the engine thrust-to-weight tends to shift this to a 33% re-

cycle rate for maximum payload performance. At this point, a payload of 59,700

pounds is achievable relative to the Class 2' reference ScramLACE payload of

55,500 pounds.

5. night Path Sensitivit_ Study (Task 51 (See Table XII)

ScramLACE Ejector mode performance along Paths i, 2, and 3, is presented in

Figure 218. Subsonic combustion ramjet muds performauca_ fs_fn-FTgure -

219 and indicates an insignificant change in specific impulse with flight path.

The propulsion trends are reflected in__21_b_which presents system_

effective impulse versus Mach number for both ejector and subsonic combustion

ramjet modes. The mode transition points are noted to occur at Mach numbers of

2.56, 2.36, and 2.22 for Paths i, 2, and 3, respectively. The rapidly decreasing

thrust transonically with increasing altitude is reflected in the Mach region from

! to 1.6.

Payload performance for ScramLACE is presented in Figure 221 as a function

of the ms.ximum overpressure intensity parameter generated on each path. Detailed

results are listed in Table XII.
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VII. RESULTS

A. OVERALL RESULTS

A significant increase in confidence level associated with the mechani-

zation and operating characteristics of the selected Composite Engine concepts

has been achieved. Along with this, a considerably expanded exposition of

the vehicle performance and mission aspects of these engines has resulted. This_

in the main, is the principal contribution of the Extension Phase effort under

Contract HAST-B77. The significantly increased penetration into design analysis

and performance studies of the Supercharged Ejector Ramjet and ScramLACE systems

resulted in somewhat reduced estimates of the mission performance potentials

for the two engines. However, in essence, the previously reported findings

(Reference 1), which pointed out the attractive potential of Composite Propul-

sion Systems for launch vehicle propulsior_ remain unchanged. Composite Pro-

pulsion Systems indeed appear to be contending approaches along with rocket and

turbomachine-centered airbreathing type engines.

In a number of aspects, practical facets of Composite Engine propulsion have

been considered in the study. For example, in the fabrication area, the effect

of the back wall temperature via the cooling circuits has led to the tentative

selection of certain specific material selection and bonding approaches. These

inquiries have served to add authority to the physical description of the engines

as well as their performance expectations, which again confirms the basic findings

of the main study program.

Therefore it can be stated that the Extension Phase effort has markedly

contributed to the broad objective of the NAS7-377 contract program: a progres-

sively deepening technical evaluation and exposition of the characteristics of

this relatively new form of launch vehicle propulsion. How the specific ob-

Jectives of the Extension Phase (Section II) have been met will be reviewed

below as the results of the study are stmmmmized.

B. SUPERCHARGED EJECTCR RAMJET ENGINE RESULTS

The SERJ performance studies_ concentrating on subsystem matching (TaskL I),

w_re composed of three subtasks: component characteristic mapping, control
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approach analysis, and engine performance mapping. These studies indicated that
|

the assumed flat component/process efficiencles schedule, as used in the main

study, remained a reasonably valid approach. Some efficiency values were,

however, reestimated for the Extension Phase program.

The two-dimensional moving ramp inlet configuration which was only qualita-

tively represented in the Main Study program (a representative pressure recovery

schedule was assumed) was analyzed for inlet pressure recovery performance in

view of expected viscous losses and diffuser efficiency variation with local

Mach number and instantaneous flow area ratios. It will be noted that the final

inlet characteristics thus defined, by no means represents an inlet design

optimized for pressure recovery - a task considerably beyond the scope of this

effort. As a further illustration, fall-off in fan pressure ratio experienced

with increasing flight speed and altitude was quantitatively determined and

applied to the engine performance calculations in the Extension Phase.

As a result of the modified component characteristics, both thrust and

specific impulse values dropped somewhat from their earlier values, i.e. Class 2.

A comparison is given here:

Thrust, lbf

Specific Impulse,

ibf/lb /sec

Class 2 Class

215,000 203,000

49_ 452

Cooling feasibility for the stated unity equivalence ratio operation was

verified for the identified critical flight condition of Mach 8, subsonic burning

ramjet mode. The heat transfer problem was found to be considerably less severe

for the sea level static supercharged ejector mode operation. The cooling

circuits which appeared to be both sufficient and readily workable for achieving

satisfactory engine wall temperature conditions were determined in the extension

work.

A structural analysis of the engine was performed and resulted in a much

more thorough portrayal of the engine's physical makeup. For example, simplified
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analyses of buckling loads determined the allowable spacing of anti-buckling

reinforcing ring members around the engine ducting. Material stipulations and

fabrications approaches were suggested to accomplish the more detailed weight

study which was performed. The new engine weight increased somewhat over the

Class 2 value.

To counter these undesirable weight increases from the baseline values,

certain configurations changes were made. The most significant of these is the

conversion of the single ring primary rocket thrust chamber to a two-ring unit,

in the interest of reducing mixer and centerbody lengths. The two-ring con-

figuration, though more critical in internal heat transfer and throat dimensional

control, represents a feasible step forward in the rocket technology area.

Comparative engine weights and thrust/weight ratios appear below:

Class 2 Class

Weight, lbm

Thrust/Weight (SLS)

31,9_0 12,900

18.0 15.8

Based on a relatively simple methodology, basic characteristics of a grouping

of SERJ engine versions with a wide variation of fan pressure ratio were synthe-

sized. The estimated range of engine uninstalled thrust/mission weight ratios

was fr_n 17.74 to 8.90 for the range of pressure ratios of 1.1 to 3.0, res-

pectively. Although the 1.3 fan pressure ratio was retained for the Class 3

ERJ baseline engine, evidence is at hand that an increase in pressure ratio

for the fan subsystem to the order of 1.5 plus, may be advisable for peaking

out the engine payload performance potential while retaining the basic SERJ

configuration, i.e., high bypass ratio tip-turbine driven fans with the re-

traction feature. It is noted that no design studies per se were included in

the fan investigation. (Task 6 ). Depending on adequate runway length avaii-

ability, and other operational considerations_ beyond a pressure ratio of 1.5 to

1.8_ the need for a primary rocket subsystem becomes questionable.

C. SCRAMIACE ENGINE RESULTS

Performance investigations of the ScramlACE engine in its ejector and sub-

sonic combustion ramjet modes (SCRAMJET mode was not further studied) included
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_hrust, lbf

Specific Impulse,

lbf/lbm/sec (SLS)

the component estimation, control considerations and overall system performance

aspects as for the SERJ tasks. Again, the previously used flat component

efficiency schedules in general were validated as best approximations for the

state of the available information at hand.

An improvement in design input information for the Class 3 engine

resulted from the _ utilization of the results of a concurrent Air Force

sponsored program on Air Liquefaction Heat Exchanger Operation and Design

(Contract AF 33(615)-3734). The basic effects of this new information on heat

exchangers was reflected as a significant change in the physical size, but not

the weight, of this subsystem of the engine, as noted in previous Figure 130.

As a result of the performance findings of the fixed exit nozzle task of

the study, coupled with the relatively high weight penalties determined for the

conventional variable nozzle investigated, the baseline Class 3 system was

adapted to the fixed exit configuration. The performance that was ru_ and is

displayed parametrically in this report, naturally accounts for the fixed exit.

A stumm_j comparison of the Main Study results for Scraml_E performance with

those resulting from the Extension Phase is given in the brief Table below.

Class 2 Class

173,000 171,000

i,3_ i,240

For ScramLACE operating conditions of sea level static ejector mode, Mach

6 subsonic burning ramjet mod_ and Mach 12 supersonic burning ramjet mode,

cooling feasibility was determined for the stated engine fuel equivalence ratio

of unity. A preferred cooling circuit was defined which satisfied material

operating temperature limitations for the engine and inlet.

The structural studies which were performed Jointly with the heat transfer

investigation resulted in a selection of a particular flat panel structural

fabrication approach which is revealed in the engine layout details presented

for the Class 3 ScramLACE engine. As discussed, a prominent result of the

structural analysis was a predicted high weight penalty for the moving ramp type,



two-dimensional variable exit nozzle originally selected as a preferred conven-

tional approach. The excessive weight of this subsystem and the indicated

feasibility of a fixed exit was, as discussed, the main incentive for going to

the fixed exit design as finally adopted.

The comparative weights and thrust/weight ratios for the basic program and

extension versions of the engine are given in the listing below.

Class 2 Class

Weight, ibm 10,452 12,450

Thrust/Weight (SLS) 16.5 13.7

The principle findings of the exit nozzle study, in addition to uncovering

the severe weight penalties associated with variable geometry hardware of the

conventional type, was that a fixed exit engine provided an acceptable loss in

installed performance. This was true, providing that a shift in ramjet combus-

tion from the afterburner section (large) to the mixer section (small) was

programmed to give, in effect, a two position throat system. Ehis approach was

profitably used, and as will be noted below, the payload fall-off for the fixed

exit design appeared acceptable. Ehe fixed exit design was im_ticulsrly suitable in view

of the added simplicity (implied operating reliability) of the fixed system as

opposed to the variable one. Elimination of an exit nozzle control loop,

actuators, etc. notwithstanding, the selection of the fixed exit approach does

complicate to some extent engine/inlet control since the now-absent variable

exit throat afforded a fundamental means of control.

In further investigation of the possibility of capitalizing significantly,

in the air liquefaction cycle, on the performance attributes of subcooled slush

hydrogen, three recycle engine versions were picked. In these, the recycle rate

of hydrogen flowing back to the tank was varied over a significant range. This

resulted in a clearer identification of the slush hydrogen potential. As shown

in the brief table below, a significant range of initial engine specific impulse

was achieved, along with a countering effect in engine thrust/weight. The fact

that the tradeoff of these two parameters resulted in a relatively modest

improvement in vehicle performance will be indicated in the subsequent vehicle/

mission section.
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Engine Recycle Rate

Percent

Class 2 ScramLACE (Ref) 0

Recycled ScramIACE 50

Recycled ScramLACE 33

Recycled ScramLACE 25

i000

Se__._c lb___f lbf/lbm

13_ 173 16.5

253o 167 14.6

2O7O 169 14.5

17_0 171 15.9

It will be noted here that the recycle system analysis was based on a

simple and straight forward recirculation of warm hydrogen to the vehicle tank.

At the expense of added complexity and some additional weight the performance

of the cycle might be further enhanced. However, the tradeoff on mission

performance would have to be determined.

Looking forward to the mission results to follow, far the vdicle flight path

sensitivity studie_ the ScramLACE system was doubly limited in terms of its

adaptability to a broad range treatment. For one thing, the design heat ex-

changer pressure limit of lO psia inlet total pressure limited the ability of

the engine to follow the lofted trajectories. Although a redesign of the heat

exchanger to accept a lower pressure level is feasible, the design 'investi-

gation implied was considered outside the scope of the program. Hence, only

three of the reference flight paths were accessible to the ScramLACE system,

as will be noted in the vehicle results presented below.

_he other limitation of the engine was in terms of an invariant vehicle

initial thrust-to-weight ratio, (T/W)o. The problem here was the interaction

between engine ejector mode thrust for low speed acceleration and basic SCRAMJET

mode capability as related specifically to the overall inlet to combustor

geometric contraction ratio, A_A 2. Since the SERJ system had neither of these

restraints (i.e. lower pressure limit, invariant (T/W)o , it was capable of flying

all five reference flight paths, as well as being amenable to the desired (T/W)o
optimization.

O. VE_ZCLE/MISSIO_ _ESULTS

The mission payload results for each of the engine oriented tasks were

determined by Lockheed. _he results will be summarized graphically in bar

chart format, based on data extracted from Tables IX throug h )[_I given earlier.



The overall payload results of the additional performance and cooling and

structures studies, which yielded the Class 3 engine versions, are reflected with

reference to the Main Study results (Class 2 systems) in Figure 222. As pre-

viously done, both payload-to-orbit values, and the total system inert weight

per unit payload, are presented. Figure 222 shows for SERJ a minor reduction

in gross payload delivered to orbit (5.6 percent) and a commensurate increase in

the hardware weight indicator. On the other hand, the reduction in payload

potential of the extension phase version of the ScramLACE engine was considerably

higher, resulting in a payload reduction of ll.7 percent and reflects a degrada-

tion in performance and in decreased engine thrust/weight ratio. A consistent

increase is noted in the hardware weight indicator for ScramLACE. It is noted

that although the fixed exit configuration does penalize engine performance

somewhat, it significantly ameliorated the thrust/weight decrease which would

have occurred with a conventional variable geometry exit, as will be indicated

in the next figure.

Investigation of the ScramLACE engine demonstrated that the loss in specific

impulse performance for a fixed visa vis variable exit nozzle of the type shown

earlier in Figure 132 is, in fact, more than countered by the concomitant weight

decrease. The fact that moving exit control system items involved in variable

geometry have been markedly reduced is not necessarily a benefit. Engine control

is in fact made more complex since additional control means must be introduced.

The payload decrease was 4.7 percent as reflected in Figure 223. A commensurate

effect in the hardware weight indicator is shown. For reference purposes (see

discussion on page 202) a reestimated variable exit Class 2 engine is reflected

in the dashed bars of Figure 223.

The recycle ScramLACE systems show an improvement in payload potential as

anticipated with the recycle rate of 37 percent appearing to be about optimum.

Figure 224 shows the trend of the recycle payload performance with reference to

the basic ScramLACE with zero recycle and normal liquid hydrogen usage. Of the

three version examined, the recycle rate of 33 percent showed a payload improve-

ment of about 8 percent and a minimum (best) hardware weight indicator value of 7.45.

Figure 225 summarizes the results achieved from the flight path sensitivity

study for both the SERJ engine at an optimum (T/W) ° for the ScramLACE (fixed

(T/W)o). As indicated for SERJ, the payload performance falls off for the

higher paths, significantly for path 4 and 5. For the three lower paths investi-

gated for the ScramLACE system, a somewhat lower sensitivity to flight path is

noted. -328-
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Figure 226 compares for SERJ the two operating mode schedules investigated,

the maximum payload performance scheduling, associated with a relatively early

primary rocket shut-do_a, and the steep climbout, high acceleration operation,

wherein the Supercharged Ejector mode is utilized up to Mach 2.5 ramjet takeover

condition. The steep climb procedure is discussed in Appendix B as it relates

to the proposition of sonic boom obviation or intensity reduction. A signifi-

cant decrease of payload potential occurs in the steep climbout operation ex-

cept for the highly, lofted trajectory Path 5, for which the two operating

schedules, interestingly, produced almost identical results.

Where the sonic overpressure argument is brought into play, a possible

comparison of payload results would be the steep cllmbout on Path 1 (boom

obviation/reduction via high path angle, Appendix B) as compared to the maximum

performance scheduling of Path 4 or Path 5.

These lofted paths represent conventional overpressure limited paths

featuring very high altitude transonic penetration characteristics. If this

type of comparison is valid - and at this time it is clearly problematical -

obvious interest in the steep-climb boom obviation potential of composite engines

may be anticipated. However, as previously denoted the sonic boom situation

was not directly analyzed in this program. Much more work in this area is required.

Figure 227 summarizes the SERJ high fan pressure ratio results. Viewing

the gross payload trends, the sharp increase from the reference ratio of 1.0 -

essentially an Ejector Es_et system with the weight penalty of a fan subsystem,

but with no performance benefit - to the I.i pressure ratio system (78%), reflects

the importance of the fan's contribution even with very low thrust addition im-

plication. A peaking-out of further payload performance gains in the region of

1.5 - 1.8 pressure ratio is indicated. Beyond this number the rapidly increasing

weight of the fan drive subsystem counterbalances the diminishing performance

benefit of increasing pressure ratio. _e hardware weight indicator shows the

expected matching trend.
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VIII. CONCLUSIONS

The initial study effort under the contract, having considered broadly a

large number of composite engines, singled out the Supercharged Ejector Ramjet

(SERJ) and ScramLACE engines as worthwhile candidates for relatively near-term

and far-term potential launch vehicle applications, respectively.

The extension phase comprised additional performance analysis and design

penetration for these same engines. Specifically emphasized were (1) perform-

ance and design verification studies which examined subsystem matching, re-

evaluated earlier efficiency schedules, and considered engine cooling and

structures; (2) special engine subsystem investigations, namely, fan pressure

ratio variations (SEBJ), and fixed and variable exit nozzl_studies an@ air .................

liquefaction mode performance improvement cycle options based on slush hydrogen

(ScramLACE); and (3) engine payload performance as it is affeate/_hy xehicl_

ascent flight path variations. The principal findings of the extension phase .....

investigation are as follows:

Performance and Design Studies

The performance results, which included the effects of the overall

subsystem matching, and the modified engine weight estimates, derived from the

structural analysis effort, resulted in a degradation of both specific impulse

and uninstalled thrust/weight ratio for both powerplants. This in turn yielded

modest payload weight reductions: 5.6 and 11.7 percent for SERJ and ScramLACE,

respectively. For the one-million pound gross weight launch vehicle model, SERJ

payload decreased from 39,200 lb to 37,000 lb, whereas ScramLACE payload decreased

from 55,500 lb to 49,000 lb.

Satisfactory engine and inlet cooling can be effected at "worst" flight

conditions. These were Mach 8 - 105,000 ft for SERJ, and Mach 12 - 130,000 ft

(supersonic combustion mode) and Mach 6 - 85,000 ft (subsonic combustion mode)

for ScramLACE. Regeneratively cooled engine duct materials locally approached

2500"R as a maximum. Available thermal barrier techniques such as ceramic coatings

were not found necessary.
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Special Subsystem Investigations
e

For SERJ, increasing fan pressure ratio from a nominal value of 1.3 to 1.5

or 1.8 can be expected to increase the delivered payload from 37,000 lb to about

40,500 lb, or a gain of the order of l0 percent. Further increases in pressure

ratio, however, yield negligible gains. Above fan pressure ratios of 1.5 the

primary rocket subsystem (supercharged ejector mode operation) is not required

unless runway length limitations, higher and/or steeper flight paths, or other

system requirements or mission constraints exist.

For the ScramLACE engine, using slush hydrogen technology to effect a

recycle mode operation increased low speed specific impulse at the penalty of

decreases in thrust/weight ratio. At an optimum recycle rate of 35 to 40 percent,

a net payload improvement of about 4000 lb, above a reference of 55,500 lb, or

about 8 percent can be achieved.

Again, for Scraml_CE, detailed investigations of a conventional variable

geometry exhaust nozzle revealed excessive engine weight penalties as compared to

the earlier estimates. Based on positive indications from analyses of a fixed

exit version, the baseline engine was converted to a fixed exit basis. Neverthe-

less, the engine remained somewhat heavier than the initial reference and perform-

ance over the flight range was also modestly compromised by the fixed exit. A

payload advantage for the fixed exit version (T/W _ 18.3) over an estimated

revised variable exit engine (T/W = 8.25) is roughly estimated to be about 6000

lb; 52,900 lb compared to the estimated 47,000 lb payload of an updated variable

exit ScramLACE system.

Vehicle Flight Path Variation Analysis

Payload performance of SERS and ScramlACE in the launch vehicle model

employed was found to be degraded if ascent flight paths are lofted substantially

above the high dynamic pressure reference path. For example, on the higher flight

path yielding maximum performance in a turboramJet powered vehicle, the following

payload performance fall-off is observed for SERJ and ScramLACE: for SERJ payload

decreased 3,700 lbs based on a reference of 39,200 lbs (9.5 percent), and for

ScramLACE a decrement of 3000 lbs based on a reference of 55,500 lbs (5.4 percent).
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INSTALLED ENGINE STATION NOMENCLATURE

A
C

I

FLOW FIELD i

INLET

SHOCK

A 2 A 3 ' A 4 A6

COMBUSTOR

--i M,XE./O,F,'USER

IA

P

PRIMARY THRUST

CHAMBER ASSEMBLY

INJECTOR
ASSEMBLY

(PRIMARY EXIT AREA)

FOR CONSTANT AREA MIXER A2 + Ap - A 3

FOR CONSTANT AREA COMBUSTOR A3' = A4

A 6 '

R-24,693
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UNCLASSIFIED

S_zmbol

A

A
O

A
c

A1

A2

A3

a 3 '

A4

A4/A 3

A5

A6,A 6 '

A6/A 5

A6/A c

AB

B

BL

_D

CFN

CL

cM
CN

CN

C
P

C
V

D

f/a

F

Description

Area, ft2
o

Inlet capture area, ft_

Cowl area, ft 2

Minimum area station in inlet (inlet throat), ft2

Inlet diffuser exit area (air stream only), ft2

Mixer exit area, ft2

Aft diffuser exit area, ft2

Afterburner exit area, ft2

Afterburner/mixer diffusion ratio

Engine nozzle throat area, ft2

Nozzle exit area, ft2

Exit nozzle exl_nsion area ratio

Exit-to-capture area ratio (SCRAMJET)

Afterburner, or airbreathing

Burner

Bleed

Vehicle drag coefficient

Net thrust coefficient based on inlet capture area

Lift coefficient

Pitching moment coefficient

Normal force coefficient

Normal force coefficient curve slope at zero angle of

attack, dCN/d _- per degree

Specific heat at constant pressure, Btu/lbm-°F

Specific heat at constant volume Btu/lbm-°F

Drag, lbf; or diameter, in.

Fuel-air ratio

Thrust, lbf

Net thrust

-3_1-
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UNCLASSIFIED

NC_KKNCLATURE (Continued)

FNj
(F/W) o

g

gg

h

I
S

I
S
e

k

L

M_

M
O

Nit

N

n.m.

0/F

P

P
o

P
C

PRf, PR

PT o

PT 2

Ph/PTo

PT 4

Pc:_

q

Q

Description

Net Jet thrust

Vehicle initial thrust-to-weight ratio

Gravitational constant

Gas generator

Altitude, ft

Specific impulse, lbf/lbm/sec

Effective impulse I (1-Drag/Thrust)
S

Thermal conductivity, Btu/in.-sec°F

Length, in.

Freestream Mach number

•Local Mach number

Mixture ratio (O/F)

speed, rpm

Corrected speed

Nautical miles

Oxidizer-to-fuel mixture ratio

Pressure, psia

Ambient static pressure, psia

Primary chamber pressure, psia

Fan pressure ratio

Inlet total pressure, psia

Inlet recovered total pressure, psia

Inlet total pressure recovery ratio

Combustion chamber pressure, psia

Freestream static pressure, lb/ft 2

Dynamic pressure, ib/ft 2

Heat flux, Btu/sec
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o..,.

S_zmbol

R

Re

Ref

PPM, rpm

SLS

SFC, SPC

s_

tt

T

Tit

T

TNj

T/W

( _/W ',
.uf JO

V

V
0

AV

w

W

W
P

Ws/W p

W
S

wa _
8

Greek Letters

NCMENCLATURE (Continued)

Description

Gas constant

Reynolds number

Reference

Revolutions per minute

Sea level static

Specific fuel or propellant consumption, lbm/hr-lbf

Vehicle reference area, ft 2

Tip turbine

Temperature

Turbine inlet temperature

Thrust, lbf

Net jet thrust, lbf

Thrust-to-weight ratio

Vehicle initial thrust-to-weight ratio

Velocity, ft/sec

Local velocity_ ft/sec

Ideal velocity increment, ft/sec

wall

Weight, lbm

Flow rate_ lbm/sec

Primary flow rate, lbm/sec

Secondary/primary flow ratio

Secondary air flow, lbm/sec

Corrected airflow

Vehicle angle of attack, deg

Ratio of specific heats (Cp/Cv) , path angle referenced
to horizontal

-3_3-
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UNCLASSIFIED

NCMENCLATURE (Continued)

Greek Letters (Cont'd) Description

A

Wc

Wc*

WKE

WM

_N

8

P

T

_cond

_prec

_S 3 _sec

Two-dimensional wedge half angle, deg; flow field

deflection angle, deg; inlet total pressure (psia)/14.7

Increment

Nozzle area ratio

Combustion efficiency based on enthalpy rise

Characteristic velocity efficiency based on velocity,

or thrust

Inlet kinetic energy process efficiency

Mixing efficiency based on static pressure rise

Nozzle efficiency based on velocity, or thrust

Inlet total temperature (°R)/520

Density, lbm/ft 3

0verpressure intensity parameter

Equivalence ratio

Combustor equivalence ratio

Condenser equivalence ratio

Heat exchanger equivalence ratio

Primary rocket equivalence ratio

Precooler equivalence ratio

Secondary equivalence ratio

Subscripts

o_3

0

l, I

2, II

2

3

4

5

6, 6'

Freestream

Vehicle shock field

First stage

Second stage

Diffuser exit or engine face

Mixer exit

Combustor

Nozzle throat

Nozzle exit

-3_-
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UNCLASSIFIED

NOMENCLATURE (Continued)

Subscripts (Cont'd) Description

a Ambient conditions

c Chamber, condenser, or capture

D Diameter

ENG Engine

f Fael, fan

i Inlet

o Initial conditions

p Primary conditions or precooler

PL Payload

s Secondary

t Throat conditions

T, t Total

VAC Vacuum

w Wall

.... • . 7¸--¸ .....

Thrust Sizing Parameter - Defined as the sum of the weight of engines,

propulsion subsystems, tankage and propellants

consumed up to ramjet takeover condition*,

divided by the initial vehicle gross weight.

*Mach 2.5 flight velocity unless otherwise stated.
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APPENDIX A

,HIGH TEMPERATURE COMPOSITE MATERIALS

Status of Com_osite Materials

Historically, in mechanical design, major advances in new material capabilities,

have led to new structural concepts, which together produce dramatic increases in

structure strength with corresponding decreases in structural weights (i.e.,

strength/weight ratio). Filament reinforced plastics are a recent case in point.

For applications requiring the capability of withstanding high temperature

environments, composite materials made up of boron or silicon carbide filaments

with aluminum, titanium or nickel matrices have already proven to be one of these

dramatic breakthroughs.

Marquardt's Materials Department of the ASTRO Division, in work performed for

the Air Force Materials Laboratory, Research and Technology Division, Air Force

Systems Command, Wright Patterson Air Force Base, has successfully tested composite

aluminum/boron filament sheets up to lO00°F with impressive tensile strength

characteristics. (Figure A-l).

Analytical studies of titanium/silicon carbide and nickel/silicon carbide

composite have shown that these materials offer good design properties up to

1800°F (Figure A-2). if the aluminum/boron test sampling is indicative of the

close agreement between analytical and actual strength characteristics of composite

materials, then continuing work on the development and evaluation of titanium/

silicon carbide filament and nickel/silicon carbide filament composite sheets will

provide test data which will allow for dramatic reduction in total engine weights.

An indication of this effect is shown in a strength/denslty comparison between

composite sheets and conventional materials, (Figure A-3). Tbese data were compiled

by the Battelle Memorial Institute and are further described in Reference A-1.

Figure A-h presents a comparison of specific modulus versus temperature for metal



VAM NUY_ CALIPOIINIA

matrix/filament-reinforced composites and conventional materials. Although these

data are preliminary and approximate, it does indicate the potential that will

soon be realized in specific material strength and modulus.

Propulsion System Applications

Direct weight comparisons for use of composite materials in the engines studied

in the Extension Study, have not been made; however an estimate of the material

substitution effects can be made by considering some basic material efficiency

parameters. In most structural applications there is an interdependence between

the weight of a structural element under fixed load and certain dimensional con-

straintsj and the density p and strength _, or modulus E of the materials. In

_ension or stable compression, specific strength, _/P , is a measure of the

structural efficiency. For a rectangular beam of fixed length and width, or a flat

plate under uniform pressure, the parameter _1/2 /p provides a measure of material

efficiency where strength is controlling. In the same situation where deflection is

controlling, the parameter Is E 1/B /p .

This parameter also applies to long, thin-walled cylinders under an external

collapsing pressure. Briefly comparing the composite material properties and the

engine structure by use of efficiency parameters, a determination was made that it

should be possible to reduce the conventional material engine weights by 15 to 40%,

depending on the state of composite material technology at the tlme of fabrication.

An example of the impressive weight saving offered by the composite materials

can be seen in a Marquardt weight study made of a typical, two dimensional Mach 4.5

variable inlet. The properties for both the conventional materials and the

composite materials used in this study are presented in Figure A-5. A component

breakdown and weight summary for this inlet Is shown in Figure A-6. It should be

noted that the inlet was originally designed for conventional materials. Straight

substitution of composite materials was made where applicable, producing the

designated weight savings. No attempt was made to re-design the inlet to take

specific advantage of the unique characteristics of the composite materials. Even

A-2
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under these conditions the weight savings for the total structure, including fixed

wei@hts of' actuations, hinges etc., represents better than 32% of the complete

structure weight.

The flat plate honeycomb utilized in this design permits a direct comparison

with the same type of structure used in the ScramLACE enginej since the largest

portion of the ScramLACE engine is composed of flat plate honeycomb structure.

In the SERJ engine a direct comparison is not as applicable and an engine of

this type designed s!_clfically for composite material properties would be

necessary before valid weight saving estimate could be made.

It is now anticipated that propulsion systems which become operational in the

1970-80 time period must consider the dramatic potential of these material deveXop-

ments and incorporate their benefits where practical.

REFEEENCE

A-11 Niesy, D. E.j Flech, J. N., Kistler, C. W., Jr.,

Development of Filament Reinforced Metals, Final Report on work done

under Contract NOw 65-0615-C, 16 January 1967.
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FIGURE A-3. Theoretical Strength/Density as a F_nction

of Temperature for Various Reinforced Materials,

Compared to Several Commercial Al!oys
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I AI-BC ompo site

Property_'-_

Max. Operating

Tempe ratur e

Range (OF)

Stainless Titanium Ni-SiC Hastelloy

Steel 6A1-4V Composite X

Volume %
Filaments (in

primary

direction)

800-1000 800-I000 800-1000

Ela_ti c Modulus
(I0 psi) at Temp.

3O 3O

Tensile

Strength (ksi)

at Temp.

1600-1700 1600-1700

24 24.5 12.0 30 20.0

80-100 60 I00 100 32

Densi%y

(ib/in_) 0.098 0.26 0. 16 0.23 0.297

94 75 130 67

Elastic Mo4ulus /

Density (100inch) 255

Strength /

Density(103inch) 960 230 625 435 108

FIGURE A-5. Material Properties Used in a Two-Dimensional

Inlet Weight Comparison
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APPENDIX B

COMPOSITE ENGINE POTENTIAL FOR OBVIATING OR DELAYING

THE SONIC BOOM BY MEANS OF A STEEP CLIMBOUT PROCEDURE

Summary

Composite Rocket/Airbreathing propulsion systems show significant promise in

the area of sonic boom alleviation. A study of these propulsion system applied

to typical vehicle missions has shown that these engines can effectively perform

the initial boost in such away as to cause no ground level sonic boom. The

approach consists of the maintenance of a flight path angle schedule during boost

that prevents the trailing shock waves from striking the ground. In certain

instances this procedure is accomplished without requiring deviation from a nearly

optimum vehicle boost path.

Background and Apprgac _

The advent of concentrated effort in the area of supersonic transports has

brought into focus the critical problem of the sonic boom. It is becoming increas-

ingly evident that supersonic/hypersonic vehicle operations will be subject to sonic

boom constraints. Recently work in cruise mission analyses (Reference B-l)

indicated that the two propulsion systems for Mach _.5 - 6 cruise missions of the

most immediate interest are composite propulsion systems such as the Ejector Ramjet

(ERJ), and the turboramJet (TRJ) class of powerplants. This work further indicated

that the inherent high thrust capabilities of composite systems result in important

potential advantages in alleviation of the sonic boom. In view of the overpressure

intensity studies in the vehicle/mission analysis of the NAS-7-377 Extension Plans,

this Appendix was composed to explore these advantages.

Three aspects associated with composite propulsion systems which may be

employed advantageously to alleviate the sonic boom are the following:

B-1



1. The sonic boomphenomenonon the ground maybe avoided entirely if the

aircraft is flown at sufficiently high climb path angles.

2. High path angles are accompaniedby low angles of attack, thereby

reducing the boomdue to lift.

3. For a given vehicle, as the propulsion system weight decreases, the cruise

altitude increases, reducing the boomduring cruise. The point refers to the

typically high propellant consumption of composite systems initially relative to

turbomachlne-centered systems.

Vehicle Shock Wave Geometrical Consideration

At this point it is pertinent to review the principles involved in estimating

the formation and propagation of shock waves from aircraft in supersonic flight.

Figure B-1 illustrates the mechanism involved in the formation of the attached

shock waves formed by an aircraft in supersonic, level, unaccelerated flight in a

homogeneous atmosphere. The shock wave at time t o + At is the result of the
J

disturbances caused by the aircraft between time to and to + _t. The paths of

these disturbances (termed "rays") are straight lines in a homogeneous atmosphere.

The orientation of the rays with respect to the flight path is given by the angle

8o= tan -i V M_ 2 -I (i)

The real atmosphere is, of course, not homogeneous due to temperature gradients,

winds, turbulence, etc. The effect on the rays of the temperature gradient* below

36,000 ft. altitude, is shown in Figure B-2. The effect of this gradient is seen

to refract the ray path away from the ground, i.e. to steepen its angle of incidence

toward the vertical. When the conditions of Mach number altitude and refraction

combine as shown in Figure B-2, to achieve a perpendicular wave front, the shock

wave does not reach the ground. Whenever the shock wave achieves a vertical

orientation, it will propagate no further toward the ground, so that no boom will be

evident on the ground.

* Based on the assumption of a standard atmospheric model.

B-2
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To prevent the shock _ve from intersecting the ground, the variable of flight

path angle can be a very useful tool. Since the shock wave orientation is

approximately symmetrical about the aircraft flight path, the effect a climbing

path angle, in itself, can cause the desired vertical orientation of the shock waves.

The combined effects of flight path amd refraction are illustrated in Figure B-3.

Another way to interpret the above principle is to note that a shock wave propagates

in a direction normal to itself. The minimum required altitude for achieving a ray

path that becomes parallel to the ground is given by (Reference B-2)

h = tan2 _r (2)
c

A

where _r is the ray angle to the local horizontal and _ specifies the atmospheric

temperature gradient (1962 standard atmosphere).

Comparison of Zero Boom Steep Climbout and "Optimum" Paths

For this illustrative analysis, an Ejector Ramjet (ERJ) Engine is considered

as a representative composite system. It is noted that the absence of the Fan

Subsystem, and the desirable intermediate fan-ramjet mode capability, necessitates

a more prolonged primary rocket operation than would-be the case for S_J. Hence

the term "Optimum" applies strictly to the ejector ramjet system, not SERJ. The

following is for illustrative purposes only.

Effect of Flight Path An_le

Figure B-h sho_s for the EPJ the tvo types of boost paths of importance. One

is an estimated 2 psf path, based on a near-zero flight path angle. The other is

the optimum (maximum payload)path. The optimum path payload performance is (for

the ERJ system) 20-25_ greater than that for the 2 psf boost path. However,

flying the optimum path at climb angles normally associated with turbomachine

powered supersonic aircraft ( 8 < 20 °) would cause severe sonic booms. As shown

above, a propulsion system of sufficient thrust capability can fly the optimum
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boost path at such angles of climb so as to cause no sonic boom on the ground.

Composite systems typically reflect this capability.

Figure B-5 shows the flight path angle relationships for the ERJ to limit the

sonic boom phenomenon to altitudes above 5000 ft altitude, i.e. no ground boom.

The object here is to try to fly the optimum path and maintain a climb angle

greater than that indicated by the lower curve of Figure 5. If this can be

accomplished without straying from system parameters required for maximum payload

it is possible, in principle, to attain maximum possible mission performance and

yet conform to an overpressure limit. For the case considered, the actual climb

angle schedule and trajectory are shown as the dashed line curves of Figures B-_

and B-5.

To fly the system as indicated in Figure B-5 ("actual"cur'_e), a departure

from optimum conditions was necessary in the path as shown in Figure B-h and in

the takeoff thrust-weight ratio. The optimum takeoff thrust-weight ratio for

the ERJ system was approximately 0.9, whereas .approximately 1.1 is required to

avoid the sonic boom. The effects of these non-optimum conditions is fortunately

quite small.Figure B-6 shows the effect of takeoff thrust-weight ratio on boost

mission payload, illustrating that an increase in the thrust-weight ratio from

0.9 to 1.1 results in only a _ decrease in payload. Straying from the optimum

path as shown in Figure B-_ results in a i_ decrease in range from the optimum

path results. It can be concluded then, that the Ejector Ramjet can achieve

97_ of its optimum payload while maintaining zero overpressure to approximately

Mach 2.3, 60,000 ft and a maximum of 2 psf for the remainder of the mission.

This method of avoiding the sonic boom is not believed practical for turbo-

Jet based engine systems for the reasons illustrated in Figures B-6 and B-7. Figure

B-6 shows that if the takeoff thrust-weight ratio for the turboramJet is increased

significantly (at least 1.O is required), the payload suffers greatly. In addi-

tion, to maintain the ability to climb at high path angles, high values of

thrust are required over the whole range of Mach numbers. The thrust variation

with Mach number on the optimum paths are shown in Figure B-7, where the turboram-

Jet's relative inferiority is evident.

B-_
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Concluding Remarks

It has been cursorily shown tbat composite engines, and specifically the

Ejector Ramjet propulsion system, may have an interesting potential advantage

over the turbomachine centered engines in its ability to accomplish the initial

boost in such a way as to avoid the sonic boom, or delay its onset, but to do so

without seriously compromising the potential of the vehicle, since the associated

boost path may not depart markedly from the optimum (for the ERJ).

It is true that the nonhomogeneous characteristics of the atmosphere (winds,

temperature inversion, turbulence, etc.) must be considered; however, it is be-

lieved these effects can be offset by a sufficient "factor of safety _ in climb

angle.

Avoidance of the sonic boom by appropriate scheduling of the flight path

angle has apparently not been explored experimentally or discussed at any length

in the technical literature. A possible explanation for this is that powerplants

heretofore considered either (1) did not have the thrust capability adequate for

the steep climb procedure (e.g. turbojet powered aircraft), or (2) flew from a

vertical takeoff situation, and hence had no boom problems (e.g. rocket powered

launch vehicles).

It is interesting to note that the latter case is an extreme version of steep

climb overpressure avoidance. Even though launch vehicles are transonic at

25-30,000 ft altitude, no ground boom is noted] This is, in essence, an extreme

demonstration of the practicability of the thesis of this appendix discussion.
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A B - Aircraft base area, ft 2

CL - Lift coefficient
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Effective area distribution function (Ref. 3)

e

- Cutoff altitude, ft

_--Reflection factor

- Aircraft length, ft

Flight Mach number

- Reference pressure, _Pa Pg3 psf

= Pressure at altitude, psf

= Pressure at ground level, psf

- Overpressure, psf

Aerodynamic reference area, ft 2

Time, sec.

- Angle of attack, degrees

- Ratio of specific heats Cp/C v = i._

= Aircraft climb path angle, degrees

= Ray path angle to flight path_ degrees

- Ray path angle to local horizontal, degrees

= Constant specifying atmosphere temperature gradient, ft
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t = to + At t = to

' fI� - _,,,['Oo = tan_Mc_ -1

__ _._

GROUND LEVEL

FIGURE B-I. Wave and Ray Pattern in a Homogeneous Atmosphere

_m m m

SHOCK

WAVE RAYS

GROUND LEVEL

FIGURE B-2. Refraction of Rays Due to Atmospheric Temperature Gradient
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FIGURE B-3. Wave and Ray Pattern for Steep Climb
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